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Abstract 
The epidemiology of D. septosporum in Britain, from its behaviour and effects in a forest 
stand to its spread and population biology was investigated in this thesis.  The peak infection 
period for the pathogen was determined to be spring and summer (June to September) albeit 
with low levels of infection occurring throughout the year.  Contrary to previous belief the 
pathogen was found to have more than one life cycle per year in England.  This is 
undoubtedly a factor contributing to the severity of the disease seen in this country.  Such 
high disease levels across multiple years reduce the length of needles on affected trees.  This 
reduced needle length compounds the effects necrosis and premature defoliation have on 
photosynthetic capacity and contributes to the reduced main stem increment seen in DNB 
affected trees.  Once needles are shed from the tree the fungus does not survive for extended 
periods of time.  In needles that reach the forest floor 90% of infective propagules die within 
three months whereas this figure rises to six months in needles that remain lodged in the 
canopy.  Nonetheless, the pathogen is successfully dispersed far greater distances than 
previously believed.  Infection was detected over 1,400 m from an inoculum source, which is 
over five times the greatest distance previously reported.  Microsatellite analysis of isolates 
from across Britain revealed six distinct population clusters: two restricted to Scotland, two 
predominantly in England and Wales and two occurring throughout Britain.  The two 
England and Wales populations had considerable overlap with two populations from Brittany, 
France, suggesting that some degree of pathogen exchange had occurred between the two 
countries.  Furthermore, one of the Scottish population clusters was found to have links with 
western North America, the origin of its dominant host, lodgepole pine, indicating its 
introduction from this area into Scotland.  Together the findings presented in this thesis can 
be used to guide improved management practices of dothistroma needle blight in Britain. 
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Chapter 1 Introduction 
1.1 Background 
Dothistroma needle blight (DNB), also known as red band needle blight, is one of the most 
important foliar diseases of pine trees (Barnes, Crous, Wingfield, et al., 2004).  It affects at 
least 85 Pinus species, has a worldwide distribution and is of significant economic impact 
and concern.  The disease causes premature needle cast, decreased yield and in some cases 
tree mortality (Brown & Webber, 2008). Amongst the hosts are several commercially grown 
and economically important pine species.  The disease has significantly curtailed large scale 
exotic pine planting in East Africa  (Gibson, 1972).  Furthermore, it is the most damaging 
disease within the fast growing P. radiata plantations in New Zealand causing an estimated 
loss of NZD $19.8 million per year (Watt, Bulman & Palmer, 2011).   
In the northern hemisphere the incidence and severity of the disease has increased 
dramatically since the late 1990s and all of the commercially grown pine species in Britain 
are affected.  Pines are a major component of woodlands in Great Britain, accounting for 
29% of all conifers grown, or 17% of all woodland, and covering approximately 396,000 
hectares (Anonymous, 2011; Forestry Commission, 2013).  Corsican pine (Pinus nigra subsp. 
laricio) was introduced to Britain in 1759, used as a forest tree for over 150 years, and 
planted extensively after the First World War (Steven, 1934).  Lodgepole pine (Pinus 
contorta var. latifolia) was introduced in 1853 and has been widely planted for over 60 years 
(Lines, 1996).  Both Corsican and lodgepole pine have become established forestry species, 
accounting for 11% of conifer area (Forestry Commission, 2013). The native Scots pine 
(Pinus sylvestris) accounts for 18% of conifer area and is important not only for timber 
production but also for its central role in the Caledonian pine forests, a unique native 
ecosystem supporting a range of rare species (Forestry Commission, 2013).  In England 
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Corsican pine is the main species affected by DNB with over 7,000 hectares known to be 
infected in 2006, the time of the last main survey (A. Brown, pers. com.).  In Scotland 
lodgepole pine is the predominant host although a significant amount of Scots pine is now 
also affected (c. 7,000 and 3,600 hectares respectively) (A. Brown, pers. com.).  DNB has 
resulted in a moratorium on the planting of Corsican pine on the Forestry Commission estate 
since 2006, which has also been widely followed by the private sector, and a felling 
programme of 1.25 million m
3
 pine (mainly lodgepole) in Scotland.  Recently, in 2011, the 
disease has been recorded on Scots pine in native Caledonian pine forests raising the 
possibility of damage being caused to these native woodlands and their associated 
biodiversity, as well as the ongoing economic implications of the disease in plantations. 
Due to its widespread distribution, eradication of the disease in Britain is now impossible.  
The only remaining option is to attempt to limit the damage the disease causes by careful 
management.  Effective management of any disease should be based on a sound evidence 
base.  The disease has been fairly well studied around the world and the information in the 
literature is reviewed before identifying the knowledge gaps pertinent to Britain that the work 
in this thesis will attempt to address. 
 
1.2 Nomenclature and Taxonomy 
The nomenclature of the causal agent of dothistroma needle blight has a long and confusing 
history.  It was complicated by two independent roots of the species name, one European and 
one from the USA.  Further disarray was added by confusion of the species causing 
dothistroma needle blight and the one causing brown spot (Lecanosticta acicola (Thüm.) 
Syd.) especially in the USA, and in Europe by confusion with Brunchorstia pinea.   
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The causal agent of what is now called dothistroma needle blight was probably first described 
as Cytosporina septospora by Doroguine in 1911 from P. mugo Turra subsp. mugo (syn. P. 
montana Mill.) material collected in Saint Petersburg, Russia (Doroguine, 1911), although he 
seems to have later changed his mind and later included it under Brunchorstia pinea (Karst.) 
v. Hohn (Doroguine, 1926).  This error was perpetuated by Savulescu (1948) and in Spain by 
Martínez (1933) and Martínez & Torres Juan (1965).  Cytosporina septospora was later 
transferred to the genus Septoriella Oudem. as S. septospora (Dorog.) Sacc. (Trotter, 1931).  
The next record was made by Saccardo (1920) from diseased P. ponderosa Laws. needles 
collected in 1917 in Idaho, USA and was described as Actinothyrium marginatum.  Yet 
Sydow & Petrak (1924) pointed out that the material composed of spores belonging to both 
Leptostroma decipiens Petr. and Lecanosticta acicola (Thüm.) Syd. and thus regarded it as a 
nomen confusum.  Dearness (1928) and Hedgcock (1929) both confused the fungus with 
causal agent of brown spot and referred to it as Cryptosporium acicola Thüm. and Septoria 
acicola (Thüm.) respectively.  In 1941 Hulbary described Dothistroma pini from P. nigra 
Arn.  var. austriaca Aschers. & Graebn (Austrian pine) foliage collected in Illinois in 1938 
(Hulbary, 1941).  Siggers (1944) re-examined a range of Austrian pine material with fungi 
that had been classed as Lecanosticta acicola, Cryptosporium acicola, Septoria acicola and 
Actinothyrium marginatum and concluded that none resembled the type specimen of L. 
acicola and all resembled Dothistroma pini, as described by Hulbary in 1941.  He established 
that the ‘brown spot’ disease has slight differences in the stroma, olivaceous not hyaline 
spores and never produces a reddish colour in the needle, yet he did not deal with the 
taxonomy of the ‘red band’ disease (Siggers, 1944). 
In 1954 the disease appeared in Great Britain and the causal agent was identified in 1957 as 
Dothistroma pini Hulbary by Murray & Batko (1962). The connection between the European 
and American names was made when Morelet (1967, 1969) and Gremmen (1968), apparently 
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independently, realized the fungus causing red band in USA and East Africa (being called D. 
pini) was the same as that characterized in Europe as C. septospora.  Morelet (1969) 
examined a sample from Russia, although a P. sylvestris one collected in 1914 not 
Doroguine’s original from 1911, as it had been lost, and concluded that the fungus was 
indeed the same as the one described by Hulbary and was in fact a different genus to 
Cytosporina, Brunchorstia and Septoria. Thus Morelet (1968b, 1969) suggested Dothistroma 
septospora (Doroguine) Morelet, combining Hulbary’s 1941 Dothistroma pini and 
Doroguine’s 1911  Cytosporina septospora, as the preferred name of the imperfect state.  
Thus the confusion between brown spot (L. acicola) and red band needle blight seemed to 
have been solved but for many decades the pathogen was known by both Dothistroma pini 
(often used in the USA and New Zealand) or D. septospora (often used in Europe). 
Three varieties of D. septospora (called D. pini) have been described based on average 
conidial length. Thyr & Shaw (1964) proposed the first two:  D. pini var. pini (syn. D. 
septospora var. septospora) with short conidia  (15.4–28 x 2.6–4 μm)  based on Hulbary’s 
type material and collections from Illinois, Kentucky and Kansas; and  Dothistroma pini var. 
linearis (syn. D. septospora var lineare) with long conidia (23–42 x 1.8–2.9 μm) based on the 
type material of A. marginatum and collections from Idaho and Montana.  Ivory (1967a) 
proposed a third variety D. pini var keniensis (syn. D. septospora var. keniense) with 
intermediate conidial length (15–47.5 x 1.5–3.5 μm) based on material from Africa.  There 
had been some debate as to the validity of the different varieties and the suitability of conidial 
length to differentiate them and the varieties are now no longer recognized (Funk & Parker, 
1966; Gadgil, 1967; Sutton, 1980; Evans, 1984; Barnes, Crous, Wingfield, et al., 2004). 
The sexual stage (teleomorph) of a fungus on dead pine needles, probably  P. sylvestris but 
possibly P. mugo or P. nigra var. austriaca, from Denmark was described by Rostrup as 
Mycosphaerella pini (Munk, 1957; Evans, 1984).  The material was collected in 1880 and no 
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anamorph was noted (Munk, 1957; Evans, 1984). In 1966 Funk and Parker linked 
Dothistroma pini Hulbary with the perfect state, which they named Scirrhia pini (Funk & 
Parker, 1966).  They were careful to distinguish the fungus from Scirrhia acicola (Dearn.) 
Siggers, the teleomorph of the causal agent of brown spot.  Barr (1996) suggested a new 
genus Eruptio for the teleomorph of both the red band and brown spot diseases and 
transferred Scirrhia pini to Eruptio pini (Rostr.).  A phylogenetic analysis using the Internal 
Transcribed Spacer (ITS) region by Goodwin, Dunkle & Zismann (2001) supported the 
inclusion of the fungi in the Mycosphaerella genus and therefore the teleomorph is currently 
known as Mycosphaerella pini E. Rostr.  
There have also been varieties proposed for the sexual stage.  When Morelet (1967) found the 
sexual stage in France the asci and ascospore dimensions were generally slightly smaller than 
those in the original description by Funk and Parker (1966); he therefore described it as S. 
pini var galliensis (Morelet, 1968a) with the Funk and Parker variety being automatically 
designated var pini, although both Funk and Parker’s and Morelet’s findings of the sexual 
stage were associated with the same anamorph variety - D. pini var lineare.  Munk’s (1957) 
description of the sexual stage (named Mycosphaerella pini) was unknown to either Funk and 
Parker or Morelet but was smaller still than either of their descriptions.  A  wide range of asci 
and ascospore dimensions have subsequently been reported.  None of the teleomorph 
varieties are currently considered valid.   
In 2004 Barnes et al. investigated the phylogenetic relationships between Dothistroma 
isolates from five continents and 13 countries using DNA from portions of the nuclear 
ribosomal internal transcribed spacer (ITS), β-tubulin and elongation factor 1-α. They found 
no evidence to support the varieties based on conidial length. Their results showed that the 
pathogen encompasses two divergent lineages representing two distinct phylogenetic species. 
One species, named Dothistroma septosporum, is found worldwide, the teleomorph is 
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Mycosphaerella pini Rostr.. The other species was named Dothistroma pini, found in the 
North-Central USA (Minnesota, Nebraska, Michigan) for which no teleomorph has yet been 
found.  Dothistroma pini has subsequently been found in the Ukraine and southwest Russia 
(Groenewald, Barnes, Bradshaw, et al., 2007; Barnes, Kirisits, Akulov, et al., 2008), Hungary 
(Barnes, Kirisits, Wingfield, et al., 2011), France (Ioos, Fabre, Saurat, et al., 2010), Slovenia 
(Piškur, Hauptman & Jurc, 2013) and Switzerland (Queloz, 2012).  The two species that 
cause dothistroma needle blight (D. septosporum and D. pini) are indistinguishable 
morphologically, thus molecular tools must be used to differentiate between the two species 
(Groenewald, Barnes, Bradshaw, et al., 2007; Ioos, Fabre, Saurat, et al., 2010).  Throughout 
this paper any references to work is likely to have been carried out using D. pini will be 
marked with an asterisk (*).  For many of the original records, e.g Doroguine (1911) and 
Saccardo (1920) the Dothistroma species is unknown and could potentially be either. 
The causal agent of dothistroma needle blight in the Britain is D. septosporum, D. pini has 
not yet been found. Nor has the sexual stage, Mycosphaerella pini, been found in Britain, 
although it has been found in Canada (British Columbia) (Funk & Parker, 1966), the USA 
(California, Oregon, and  Alaska) (Cobb, Uhrenholdt & Murray, 1968; Peterson & Harvey, 
1976; Peterson, 1982), France (Morelet, 1967), Romania (Gremmen, 1968), Germany (Butin 
& Richter, 1983), Georgia (Shishkina & Tsanava, 1966b), Serbia (Karadžić, 1989b), Poland 
(Kowalski & Jankowiak, 1998), Portugal (Fonseca, 1998), Denmark (Munk, 1957), 
Honduras, Costa Rica, and Jamaica (Evans, 1984).   It has been proposed by both Butin 
(1985) and Karadžić (2004) that the anamorph is the parasitic stage while the teleomorph is 
the saprophytic stage since the teleomorph is found on older, often senesced, needles while 
the anamorph is found on younger still attached needles.  
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1.3 Origin and Distribution 
The origin of dothistroma needle blight is unknown.  Evans (1984) proposed that the fungus 
is native to the cloud forests of Central America.  He found both anamorph and teleomorph 
forms abundant in the region with a wide range of conidial sizes. As it was not found below 
1,500 m in elevation he proposed that the hyaline, thin-walled conidia (when compared with 
L. acicola) were adapted to conditions of high humidity and low sunlight such as those found 
in the mountain top cloud forests.  Further support for this hypothesis is that pine species that 
are indigenous to high elevation Central American forests (such as P. ayacahuie, P. 
devoniana, P. oocarpa and P. pseudostrobus/P. maximinoi), which would have coevolved 
with dothistroma needle blight, are considered less susceptible to the disease (Evans, 1984).  
Another possible centre of origin, proposed by Ivory (1990, 1994), is the Himalayas as he 
found the pathogen in remote indigenous P. wallichiana forests hundreds of miles from other 
known outbreaks of the disease.  Together with the early findings of the disease in Georgia, 
and both Dothistroma species recently being found in the Ukraine, this supports Ivory’s 
proposition that the disease could be endemic to the Himalayas and spread to the former 
Soviet republics through pine forests once contiguous with the Himalayan ones (Ivory, 1994).  
Ivory (1994) suggested that the short-spored form (D. septospora var septospora) originated 
in the Himalayas while the intermediate-spored form (D. septospora var lineare) originated 
in Central America and the long-spored form (D. septospora var keniense) had another 
origin, yet these varieties are now no longer recognized.  Ivory (1990, 1994) did not observe 
the teleomorph in the Asian collections, indicating that both mating types may not be present.  
This reduces the likelihood of the fungus being endemic to the region. 
Although the first descriptions of the fungus have been mentioned above it has subsequently 
been found in old herbarium specimens where it had previously gone unnoticed. Therefore 
the first records of the pathogens are from needle material collected in Denmark in 1880 
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(Munk, 1957; Evans, 1984); P. sylvestris needles from Voges, northeast France collected in 
1907 (D. pini) (Fabre, Ioos, Piou, et al., 2012); P. mugo needles from St. Petersburg, Russia 
collected in 1910 (Doroguine, 1911); P. ponderosa needles from Montana, USA collected in 
1914 (Thyr & Shaw, 1964); and P. ponderosa needles from Idaho, USA collected in 1917 
(Saccardo, 1920). This reveals that the pathogen was widespread many decades before any 
major disease caused by it was reported.  
Regardless of where the pathogen originated from it has now essentially spread worldwide.  
It has been found on all continents (except Antarctica), from sea level to high altitude, in 
tropical, sub-tropical and temperate climates.  Table 1.1 lists the countries where Dothistroma 
spp. have been recorded so far.  Watt, Kriticos, Alcaraz, et al. (2009) have modelled the 
potential geographic range of DNB and proposed that the fungus could extend its range and 
pose a threat in even more areas (southeast China, Vietnam, Ireland, western Australia, 
Venezuela, Guyana, Suriname, Panama, Turkey, Albania and areas around the Mediterranean 
sea).  
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Table 1.1  Countries in which dothistroma needle blight has been recorded. All records are of D. 
septosporum, countries and references marked with an asterisk (*) also have confirmed records 
of D. pini. N.B. not all records have been tested for D. pini  
Location Reference 
Europe   
Austria Kirisits & Cech, 2006 
Belgium EPPO, 2008a 
Boznia-
Herzegovina 
Karadžić, 1988, 1989a 
Bulgaria Zlatanov, 1977 
Croatia Milatović, 1976; Karadžić, 1988, 1989a 
Czech 
Republic 
Jankovský, Bednářová & Palovčíková, 2004; Bednářová, Palovčíková & 
Jankovský, 2006 
Denmark Munk, 1957 
England Murray & Batko, 1962; Brown, 2005 
Estonia Hanso & Drenkhan, 2008 
Finland EPPO, 2008b; Müller, Hantula & Vuorinen, 2009; Vuorinen, 2009 
France * Morelet, 1967; Evans, 1984; Ioos, Fabre, Saurat, et al., 2010* 
Georgia Shishkina & Tsanava, 1966a; Punithalingam & Gibson, 1973; Gibson, 1980; 
Evans, 1984  
Germany Butin & Richter, 1983; Lang, 1987; Maschning & Pehl, 1994 
Greece Gibson, 1980; Evans, 1984 
Hungary * Koltay, 2001; Barnes, Kirisits, Wingfield, et al., 2011* 
Italy Magnani, 1977 
Lithuania Jovaišiené & Pavilionis, 2005 
Macedonia Karadžić, 1988, 1989a 
Montenegro Karadžić, 1988, 1989a 
Netherlands EPPO, 2007 
Norway Solheim & Vuorinen, 2011 
Poland Kowalski & Jankowiak, 1998; Kowalski, Wysocka & Stepien, 1998 
Portugal incl. 
Azores 
Fonseca, 1980, 1998; Neves, Moniz, De Azevedo, et al., 1986 
Romania Gremmen, 1968 
Russia* Doroguine, 1911; Barnes, Kirisits, Akulov, et al., 2008* 
Scotland Brown, 2005, 2012 
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Serbia Krstić, 1958; Karadžić, 1988, 1989a, 1994 
Slovakia Kunca & Foffová, 2000; Zúbrik, Kunca, Turcani, et al., 2006  
Slovenia* Macek, 1975; Karadžić, 1988, 1989a; Piškur, Hauptman & Jurc, 2013* 
Spain Ana Magan, 1975; Evans, 1984 
Sweden Hopkins, A. (2011) pers. comm. 
Switzerland * CABI/EPPO, 1990; Queloz, 2012* 
Turkey Doğmuş‐Lehtijärvi, Lehtijärvi, Oskay, et al., 2013 
Ukraine * Groenewald, Barnes, Bradshaw, et al., 2007; Barnes, Kirisits, Akulov, et al., 
2008* 
Wales Brown, 2005 
Asia   
Bhutan Barnes, Kirisits, Akulov, et al., 2008 
Brunei Peregrine, 1972 
China Wang, Wang, Wu, et al., 1998; Bingzhang, Xinglin, Chengyu, et al., 1992 
India Bakshi & Singh, 1968; Mehrotra, 1997 
Japan Ito, Zinno & Suto, 1972; Suto, 1989 
Kazakhstan Arapova, 1992 
Nepal Ivory, 1990 
North Korea CABI/EPPO, 1990 
Pakistan Zakaullah & Abdul, 1987 
Philippines Ivory, 1994 
Russia Doroguine, 1911   
South Korea CABI/EPPO, 1990 
Sri Lanka Ivory, 1994 
Oceania   
Australia Edwards & Walker, 1978; Podger, 1984; Marks, Smith & Cook, 1989 




Africa   
Ethiopia Gibson, 1972; Ivory, 1994 
Kenya Gibson, 1962; Gibson, Christensen & Munga, 1964 
Malawi Bates, 1962; Gibson, 1972; Ivory, 1994 
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South Africa Gibson, Christensen & Dedan, 1967; Roux, 1984; Ivory, 1994 
Swaziland Browne, 1968; Ivory, 1994 
Tanzania Gibson, 1962; Gibson, Christensen & Munga, 1964; Ivory, 1994 
Uganda Gibson, 1962; Gibson, Christensen & Munga, 1964; Ivory, 1994 
Zambia Ivory, 1994 
Zimbabwe Bates, 1962; Gibson, 1972; Ivory, 1994 
America   
Argentina Fresa, 1968 
Brazil Barreto Figueiredo & Namekata, 1969; Evans, 1984 
Canada Funk & Parker, 1966; Myren, 1994 
Costa Rica Evans, 1984 
Chile Dubin, 1965; Dubin & Staley, 1966; Evans, 1984; Rack, 1986 
Equador Evans & Oleas, 1983; Evans, 1984 
Guatemala Evans, 1984 
Honduras Evans, 1984 
Jamaica Evans, 1984 
Nicaragua Evans, 1984 
Mexico Gibson, 1979 





Hulbary, 1941; Cobb & Miller, 1968; Peterson, 1982; Evans, 1984; Gardner 
& Hodges, 1988; Taylor & Walla, 1999; Pfister, Halik & Bergdahl, 2000; 
Barnes, Crous, Wingfield, et al., 2004* 
Uruguay Peterson, 1969a 
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1.4 Disease symptoms and life cycle 
In temperate regions infection occurs mainly in the spring and early summer (Brown & 
Webber, 2008).  Needles of all ages are susceptible but infection often begins and is more 
extensive on needles older than one year (Gadgil, 1974; Brown & Webber, 2008).  By 
autumn early symptoms may be visible as water soaked or translucent patches and small 
chlorotic bands or spots on the live needle at the point of infection (Hulbary, 1941; Edwards 
& Walker, 1978; Brown & Webber, 2008).  These progress rapidly and widen to a brown or 
red necrotic band – giving the alternative common name ‘red band needle blight’ (EPPO, 
2008c).  The red bands can be bordered by yellow necrotic tissue which in turn can be 
flanked by dark green tissue with highly lignified cells (Franich, Carson & Carson, 1986).  
The distal portions of the needles die back to the lowest point of infection and take on a dried, 
brown appearance.  This results in needles with a green base, a small infection zone with red 
bands (later with fruit bodies) and dead, brown, dried tips (de Villebonne & Maugard, 1999; 
Brown & Webber, 2008). This symptom is most conspicuous on second (and third) year 
needles in the spring (Brown & Webber, 2008).  Fruit bodies (acervuli) develop throughout 
the winter to mature in spring and early summer when conidia are released and the cycle 
continues. The needles are then often prematurely shed in the late summer and autumn. In 
severely afflicted trees all of the previous years’ needles are shed prematurely, leaving only 
tufts of newly infected current years’ needles on the ends of branches and a very sparse 
crown (Karadžić, 1989b; Brown & Webber, 2008).  Infection often begins, and is most 
severe, in the lower crown of the tree on the needles of the main stem and lower branches and 
generally spreads upwards and outwards (Hocking & Etheridge, 1967; Edwards & Walker, 
1978; Karadžić, 1989b; Brown & Webber, 2008).   
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1.5 Dothistromin 
The brick red bands that give the disease its name are due to the presence of dothistromin – a 
toxin produced by the fungus.  The toxin was first extracted from D. septosporum cultures by 
Bassett, Buchanan, Gallagher, et al. (1970) who determined the difuroanthraquinone structure 
and toxicity of the compound.  Structurally dothistromin is similar to versicolorin B, an 
aflatoxin precursor produced by some Aspergillus species, which is carcinogenic as well as 
toxic (Bradshaw, 2004).  Although dothistromin is a weak mutagen and clastogen 
(chromosome damaging), and thus potentially carcinogenic, the risk to forestry workers has 
been deemed low (Bradshaw, 2004).   
The role of the toxin in the success of the pathogen on pine needles has been the topic of 
some discussion.  The injection of purified dothistromin into P. radiata needles reproduced 
the typical red bands symptomatic of the disease (Shain & Franich, 1981). And yet Schwelm, 
Barron, Baker, et al. (2009) showed that dothistromin deficient mutants were still able to 
infect P. radiata needles, thus it is not essential for infection.  However, in the study, 
dothistromin production provided a competitive advantage in growth competition (in vitro) 
with other fungi that commonly inhabit needles (e.g. Lophodermium and Cyclaneusma) when 
dothistromin producing isolates were compared with non-dothistromin producing isolates 
(Schwelm, Barron, Baker, et al., 2009).  Kabir, Ganley & Bradshaw (2014) showed that 
dothistromin plays a role in virulence of the pathogen as colonization of needle mesophyll is 
reduced in dothistromin deficient mutants compared to wild type isolates, which results in 
smaller lesions and fewer spores being produced.  Thus it is likely that dothistromin serves a 
role both in competition against other microorganisms and in virulence (Schwelm, Barron, 
Baker, et al., 2009; Kabir, Ganley & Bradshaw, 2014). Levels of dothistromin production 
vary over 500 fold between various isolates in culture, with isolates from P. mugo from the 
Bavarian Alps producing very high levels and isolates from New Zealand from P. radiata 
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producing low levels (Bradshaw, Ganley, Jones, et al., 2000).  Indeed in some cases red 
bands are not seen at all in the field which can complicate disease diagnosis (Pehl & Butin, 
1992; Ivory, 1994).  Conversely, when red bands are formed they can remain visible after the 
needle has died and abscised from the tree (Murray & Batko, 1962). 
 
1.6 Spread and germination of spores 
Rainfall and water are essential for the spread of the pathogen.  Spores are released when 
water droplets fall onto the surface of the needle and fruit bodies are wetted (Gibson, 
Christensen & Munga, 1964; Gibson, 1972). These are then disseminated by runoff and 
splash dispersal (Gibson, Christensen & Munga, 1964; Gibson, 1972). Indeed, higher than 
average rainfall during infection periods has been associated with severe episodes of the 
disease (Archibald & Brown, 2007; Brown & Webber, 2008; Bulman, Ganley & Dick, 2008).     
Water is also required, to some extent, for the germination of conidia.  Gibson, Christensen & 
Munga (1964) found that conidia did not germinate after five days when on dry cover slips at 
100% relative humidity (R.H.).  Yet Sheridan & Yen (1970) found good germination between 
98 and 100% R.H. at 17°C, with limited germination as low as 76% R.H. and Shishkina & 
Tsanava (1966b) found germination only at 100% R.H. not at 90% or below.  
When free water is available for conidial germination the temperature is also important.  
Gibson, Christensen & Munga (1964) found that maximum germination (up to 80% after 24 
hours) was achieved between 20-22°C, while between 24-26°C not more than 10% 
germination occurred after 48 hours and no germination occurred at higher temperatures.  Ito, 
Zinno & Suto (1975) also found maximal germination at 20°C (over 90% after 24 hours) 
although they found higher germination than Gibson, Christensen & Munga (1964) at 25°C 
(over 80% after 24 hours) as well as some germination at 30°C  (over 10% after 24 hours).  
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Gibson, Christensen & Munga (1964) also observed germination at 12°C after 24 hours but 
no germination at 5°C after eight days; yet when the conidia were returned to 18-20°C they 
germinated readily.  Conversely, less than 5% of conidia germinated after 5 days when kept 
at 25°C yet when returned to 20°C over 60% germinated in 24 hours (Gibson, Christensen & 
Munga, 1964).  Shishkina & Tsanava (1966b) reported a loss of conidial viability at 32°C 
after 48 hours while temperatures of 5 to 7°C only delayed germination by several days.  
Furthermore, germination was inhibited at temperatures of 0 down to -2°C but the spores did 
not lose viability. The optimum temperature ranges match those found by Sheridan and Yen 
(1970), who found germination from 5-30°C with an optimum at 17°C, Ivory (1967b), who 
found germination from 8-25°C with an optimum at 18°C, and Ito, Zinno & Suto (1975) who 
found germination from 10-30°C but not at 5 or 35°C.  Karadžić (1994) also found 
germination from 5-30°C with an optimum at 22°C. 
Interestingly Peterson & Walla (1978)* found a slightly higher optimum temperature for 
germination at 24°C, with 22°C a near optimum and germination decreasing rapidly below or 
above these temperatures.  Peterson (1966)* also found germination occurred between 12-
28°C with maximal germ tube length at 24°C.  Both Peterson (1966)* and Peterson and 
Walla (1978)* were working in Nebraska before the two distinct species causing dothistroma 
needle blight were recognized, thus it is highly likely that they were working with what is 
now classed as D. pini, and not D. septosporum as the other authors were.  This might 
account for some of the variability reported in the literature.  
One germ tube is usually produced from each cell of the conidium, with the ones produced 
from the terminal cells often appearing first and being more vigorous than those from the 
central cells (Ivory, 1972a).  Light was not found to affect germination (Gibson, Christensen 
& Munga, 1964; Ivory, 1967b).  Gibson, Christensen & Munga (1964) found extremely high 
densities of conidia in a water suspension (over 20,000 conidia ml
-1
) inhibited germination, 
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 and above.  Ivory (1967b) reported germination of conidia over the range pH 
2.2-5.5 with an optimum of pH 3.5; which is similar to the slightly acidic conditions of a pine 
needle, while Gibson, Christensen & Munga (1964) observed germination between pH 4.8 
and 7.2 with no report of an optimum.  Ito, Zinno & Suto (1975) tested a wide range of pH 
values (2.8 – 9.0) and inferred that pH has little effect on germination except at the extreme 
acid end (c. pH 3.0) with good germination (over 80%) from pH 4.0 to 9.0.  Shishkina & 
Tsanava (1966b) also tested a wide range of pH values (2.8 – 10.0) and noted growth and 
sporulation at all values with the largest mass of the mycelium being produced at pH 4.5. 
1.7 Growth of mycelium and infection of needles  
Once germination has occurred, growth of the mycelium can continue over a wider range of 
conditions.  For instance Ivory (1967b) found that in culture mycelium grew at 6-28°C and 
between pH 2-7, with an optimum of 13°C and pH 3.5.  Karadžić (1994) found growth to be 
optimal at 20°C with a minimum of 3°C and a maximum of 29°C.  Barnes, Crous, Wingfield, 
et al. (2004) also found growth was greatest at 20°C, with no growth at 30°C while Ito, Zinno 
& Suto (1975) found growth from 3-5°C to 30°C with no growth at 35°C and again with an 
optimum at 20°C.  Germ tube growth was best in liquid water (Sheridan & Yen, 1970).  
However, under any conditions the growth of the fungus is slow, c. 1.0 mm day
-1
 from 
germinating spores at 20°C (Karadžić, 1994) and c. 3.4mm week-1 from plugs at 20°C 
(Barnes, Crous, Wingfield, et al., 2004), although it does not need any special nutrients apart 
from a carbon and nitrogen source (Ivory, 1967b). 
When conidia germinate on the needle of a host profuse mycelial growth on the surface of the 
needle has been observed six days after inoculation (Gadgil, 1967). Gadgil (1967) also 
observed some germination of the conidia on the needles after one day, 70% germination 
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after two days and 90% germination after three days. Conidia produced one to three germ 
tubes which occasionally fused with germ tubes of other germinating conidia (Gadgil, 1967).  
Ivory (1972a) also reported that germination rate usually reached a maximum of c. 80% 
within 2 to 4 days (Ivory, 1972a). 
Germ tube orientation is not affected by needle topography (depressions or ridges) nor is 
there a geotropic growth response (Peterson & Walla, 1978*).  Occasionally secondary 
conidia are produced from mycelium on the surface of needles when germ tubes produce 
multiseptate conidia which in turn produce conidia from each of their cells (Gadgil, 1967; 
Peterson & Walla, 1978*).  Gadgil (1967) reported them six days after inoculation, with their 
frequency, as well as that of surface mycelium, decreasing to practically nothing at 45 days 
after inoculation.  Whilst Peterson & Walla (1978)* reported secondary conidia after several 
days of highly moist conditions at peak natural infection periods.  
There are diverging reports as to whether the germ tube growth is random or directed towards 
stomata.  Gadgil (1967), using artificially inoculated P. radiata seedlings, did not observe a 
directional growth of hyphae on the needle surface, stating that growth was indiscriminate.  
Ivory (1972a), using detached artificially inoculated P. radiata foliage, also reported that, 
while occasionally the germ tubes grew towards and into the stomata, more often growth was 
random, sometimes growing around or over the stomatal pore.  However, Peterson (1969b)* 
and Peterson & Walla (1978)*, using naturally infected P. ponderosa and P. nigra, observed 
a clear directional growth of germ tubes towards the stomata, with germ tubes sometimes 
abruptly changing direction toward a stoma, and often growing in a curved pattern towards 
the stoma.  Peterson & Walla (1978)* also reported occasional germination on only the side 
of the conidium closest to a stoma, with growth of the germ tube directly into the stoma.  
They concluded that this difference was due to the observations of artificially inoculated 
needles kept at artificially high humidity levels versus naturally inoculated needles. They 
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reported only 7-13% of germ tubes growing towards stomata at 100% R.H. (Peterson & 
Walla, 1978)* while Peterson (1966)* observed over 80% of germ tubes positively directed 
towards stomata on naturally infected needles.  Humidity levels close to 100% would destroy 
the moisture gradient from the spore to the stoma thus directional growth of germ tubes 
towards stomata is probably underreported in the literature and reliant on moisture gradients 
(Peterson & Walla, 1978)*. 
Nonetheless, there is a consensus that infection does occur through stomata, regardless of 
whether or not germ tube growth is directed towards them. Only Gadgil (1967) observed 
direct penetration of the epidermis by the fungus and only when using macerated mycelium 
as inoculum, never when using a conidial suspension as inoculum. Entry into the stomatal 
pits has been reported to occur within two days of inoculation, with a maximum of 5-10% of 
germ tubes entering four to five days after inoculation (Ivory, 1972a).  Appressoria (vesicles) 
are formed over the stomata in the pits five (Ivory, 1972a) to sixteen (Gadgil, 1967) days 
after inoculation. The appressorium fills the stomatal cavity and an infection peg (narrow 
penetrating hypha) emerges from a smooth, curved disk that fits the base of the stomatal pit 
(Gadgil, 1967; Peterson & Walla, 1978*).   The infection peg penetrates between the guard 
cells to branch out in the substomatal chamber (Gadgil, 1967).  Upon entering the needle the 
mycelium, as septate hyphae, spreads throughout the mesophyll both intra- and inter-
cellularly (Gadgil, 1967).  Penetration of resin canals and (infrequently) endodermal cells was 
reported by Gadgil (1967) but not by Ivory (1972a).  While Peterson & Walla (1978)* 
reported the infection of the mesophyll, resin canals, and endodermal cells as well as 
transfusion and vascular tissues.  
The growth of the mycelium within the needle causes the death and collapse of the host cells 
which fill with resin producing macroscopic lesions (Ivory, 1972a; Peterson & Walla, 
1978*).  The hyphae are found only in the necrotic areas, but the necrotic areas reach beyond 
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the extent of the hyphae; this is due to the presence of the dothistromin toxin (Gadgil, 1967; 
Ivory, 1972a; Bradshaw, 2004).  The hyphae are 2-3 μm in diameter, septate, brown, 
branched and usually covered in a 1-2.5 μm thick, hyaline to faintly tinted sheath (Edwards & 
Walker, 1978).   
1.8 Development of Fruit Bodies 
The asexual fruit bodies are stromatic acervuli (Edwards & Walker, 1978).  When immature 
they appear as white blisters (Evans, 1984).  The stroma develops between the mesophyll and 
hypodermis, seated on the mesophyll and so is initially embedded (Hulbary, 1941; Ivory, 
1972a; Edwards & Walker, 1978).  Hyphae from the basal pseudoparenchymatous cells push 
through the hypodermal cells, often dissolving them, and spread out below the epidermis 
(Hulbary, 1941).  As this stroma grows it causes the epidermis above it to split longitudinally, 
often along a row of stomata (Hulbary, 1941; Edwards & Walker, 1978).   As it emerges it 
tears off strips of the epidermis and cuticle and these can remain attached to one side of or the 
top of the stroma (Hulbary, 1941; Edwards & Walker, 1978).   The basal 
pseudoparenchymatous cells of the stroma are dark brown, 100-130 μm thick and give rise to 
subglobose to cylindrical or polygonal, brown, 5-10 μm diameter cells which become paler 
and arranged in vertical rows in the upper part of the stroma, giving it a columnar appearance 
in section (Edwards & Walker, 1978).  The conidiophores arise from these uppermost cells 
and are 20-40 x 2-2.5 μm, septate and hyaline with a terminal holoblastic conidiogenous cell 
that produces a single conidium (Edwards & Walker, 1978).  Occasionally lower cells of the 
conidiophores also act as conidiogenous cells producing lateral conidia (Edwards & Walker, 
1978).   
The acervuli are usually centred in the necrotic zones in the mesophyll (Peterson & Walla, 
1978*).  They are black or dark brown, develop singly but often in groups between the veins 
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of the needle on both of its surfaces (Punithalingam & Gibson, 1973; Edwards & Walker, 
1978).  They are 125-1500 μm long x 50-450 μm wide and up to 600 μm high (Hulbary, 
1941; Punithalingam & Gibson, 1973; Funk, 1985).  Acervuli can develop and rupture the 
epidermis by the late autumn but conidia are usually only produced the following spring 
(Edwards & Walker, 1978; Peterson, 1982). 
Conidia are exuded in a white, pale pink or colourless mucilaginous mass (Evans, 1984; 
Sinclair, Lyon & Johnson, 1987; Brown & Webber, 2008).  Conidia are straight or slightly 
curved, hyaline, 12-48 (reported up to 64) μm x 1.5-3 μm and are 1-5 (usually 2-3) septate, 
smooth, with a thin wall (Ito, Zinno & Suto, 1975; Funk, 1985; EPPO, 2008c). They can be 
almost cylindrical but often taper towards the rounded apex and also slightly narrow towards 
the truncate, flattened base (Edwards & Walker, 1978; EPPO, 2008c).   
As mentioned previously the sexual stage is much less common worldwide.  Although 
spermatia (microconidia) have been found with and without the sexual stage in an 
Asteromella–type fruiting body (Funk & Parker, 1966; Evans, 1984).  Spermatia are formed 
in microconidial locules (spermogonia), are hyaline, rod shaped, 1.0-2.5 x 0.5-1 μm, are 
released through a small pore and collect in a mucous droplet on the surface (Funk & Parker, 
1966; Punithalingam & Gibson, 1973; Evans, 1984).  Receptive hyphae (trichogynes) form in 
separate stromata and are septate, coloured hyphae with a hyaline tip protruding through the 
epidermis, which can be up to 110 μm long x 2.5-5.0 μm thick (Funk & Parker, 1966).  
Although not observed it is probable that spermatia ‘fertilize’ trichogynes and allow 
formation of asci (Funk & Parker, 1966).   
The sexual stage (teleomorph) can only develop in areas where both mating types are present.  
The sexual fruit bodies, ascostromata, are also produced in the necrotic region of the needle, 
sometimes mixed in with acervuli, with both producing spores at the same time (Funk & 
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Parker, 1966; Karadžić, 1989b).  The ascostromata develop in much the same way as the 
acervuli, beginning subepidermally and becoming erumpent (Funk & Parker, 1966).  They 
are linear, black, multiloculate (with small uniloculate stromata also occasionally produced) 
and 200-600 x 95-150 μm (Funk & Parker, 1966).  The cells are dark brown and highly 
sclerotinized on the outside, 7-14 μm in diameter with the locules globose or pear shaped in 
longitudinal order and 70-110 x 70-90 μm in diameter (Funk & Parker, 1966; Punithalingam 
& Gibson, 1973; EPPO, 2008c).  Within the ascostromata, cylindrical to saccate or clavate 
asci develop which are bitunicate 35-55 x 6-9 μm with a rounded apex and contain eight 
ascospores (Funk & Parker, 1966; EPPO, 2008c).  The ascospores are 11-16 x 3-4 μm, 
fusiform to cuneate, hyaline, with rounded apicies (Funk & Parker, 1966; Punithalingam & 
Gibson, 1973; EPPO, 2008c).  They are 1-septate with a slight constriction at the septum, the 
two cells being unequal in size, the upper one being slightly broader and longer than the 
lower one, each cell typically has two oil droplets (i.e. the ascospore is typically 4-guttulate) 
(Funk & Parker, 1966; Punithalingam & Gibson, 1973; EPPO, 2008c).   
 
1.9 Incubation Period 
The incubation period (time between infection and displaying of macroscopically visible 
symptoms) varies greatly and is dependent primarily on climate, with more rapid symptom 
development associated with warmer temperatures, with light intensity and host (e.g. species, 
provenance) also having an impact (Gibson, 1972).  The incubation period can be as short as 
two weeks under artificial conditions (24°C and continuous needle wetness) (Gadgil, 1974). 
It ranges from 4½-15 weeks in East Africa (Ivory, 1972b), 5-16 (but can be up to 38) weeks 
in New Zealand (Jancarik, 1969; Gilmour, 1981), 8 to 16 weeks in Chile (Dubin, 1967; 
Gibson, 1972), 11-16 weeks in central USA (Nebraska) (Peterson, 1973*), 4-12 weeks on the 
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Pacific coast of the USA (Sinclair, Lyon & Johnson, 1987), 8-26 weeks in Japan (Ito, Zinno 
& Suto, 1975), 6-10 weeks in Serbia (Karadžić, 1989b), and 8-36 weeks in China 
(Bingzhang, Xinglin, Chengyu, et al., 1992). It can be seen that the incubation period varies 
greatly and thus initial symptoms can be seen at varying times of year.  For instance, this 
tends to be in mid- to late summer in New Zealand (Bulman, Ganley & Dick, 2008) but the 
autumn is the most common time in temperate locations.  Acervuli are produced at varying 
times after the initial symptoms, also depending on climate and host.  In most temperate 
locations acervuli can initially be observed in the late fall or winter but most become 
prominent in the following spring and summer.  However, in some areas, e.g. Estonia, the 
most abundant fruit bodies are found from late October to mid-December and even during the 
winter, which presumably has to do with the colder climate of these areas (Drenkhan & 
Hanso, 2009). 
 
Both temperature and duration of needle wetness periods affect infection.  Gadgil (1974) 
found that, after artificial inoculation, conditions which kept the needles continuously moist 
and temperatures of 20/12°C (day/night) were optimal for infection and symptom 
development.  Higher temperatures of 24/16°C also resulted in high levels of infection but 
lower temperatures of 16/8°C and 12/4°C significantly reduced infection levels.  Needle 
wetness seems to be crucial for both infection and development of stromata (Gadgil, 1977).  
Gadgil (1977) showed that a continuous period of needle wetness was optimal for infection, 
and if this was broken up and interspersed with dry periods, limited infection occurred.  
However, when periods of dryness (two or seven days) after inoculation were followed by 
continuous needle wetness, high levels of infection still occurred whereas when these periods 
of dryness were extended to above 14 days before continuous needle wetness conditions, 
infection levels dropped significantly (Gadgil, 1977).  Thus both warm temperatures (c. 
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20°C) and prolonged periods of needle wetness are highly conducive to infection by D. 
septosporum.  Although as some infection still occurred following periods of needle dryness, 
Gadgil (1977) suggested that there was enough free moisture available when the needles were 
inoculated (as the inoculum consisted of sprayed conidia suspended in water) to initiate 
germination and needle penetration and therefore infection.  Since the first stromata were 
observed five to ten days after continuous needle wetness was instated, Gadgil (1977) 
additionally drew the conclusion that moisture is also needed for stromatal development, 
possibly by increasing the moisture content of the needle or saturating the intercellular spaces 
and thereby stimulating the growth of the fungus.  This is supported by Parker (1972) who 
found that subjecting inoculated seedlings to prolonged periods of 100% R.H. after they 
failed to show symptoms (two months after being inoculated) allowed stromata (conidial 
locules) to develop.  Thus, while Parker (1972) found that continuous high relative humidity 
levels increased infection levels, reflecting Gadgil’s work with needle wetness regimes, his 
work with temperatures contrasts Gadgil’s.  Here Parker (1972) reported low infection levels 
at higher temperatures (21/16 and 24/24°C), with lower temperatures of 16/13°C proving 
more conducive to infection.  He postulated that even lower temperatures would lead to a 
further increase in infection.  These differences could be due to the fact that Parker (1972) 
used 4-month old seedlings with primary needles for his trials whereas Gadgil (1974) used 2-
year old rooted cuttings and thus secondary needles for his inoculations.  Differences could 
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1.10 Hosts 
Dothistroma needle blight is mainly a disease of the genus Pinus L.  Pines are ecologically 
and economically important, being a major component of many forest and woodland 
ecosystems and a source of wood, resin, seeds (for food) and ornamentals (Le Maitre, 2000; 
Richardson & Rundel, 2000).  All species are evergreen trees, or occasionally shrubs, 
distinguished by needle-like secondary leaves borne in fascicles of 1 to 8 (usually 2, 3, or 5) 
with a fascicle sheath of bud scales (Farjon & Styles, 1997).  The exact number of species in 
the genus has been a topic of argument between botanists for many years with many varieties, 
subspecies, forms, nothospecies (hybrids between two species) and nothosubspecies being 
proposed (Mirov, 1967; Farjon, 2001).  Currently Farjon (2001) accepts 109 species along 
with 3 nothospecies, 13 subspecies, 1 nothosubspecies, 33 varieties, and 1 form, while Price, 
Liston & Strauss (2000) propose 111 species.  Pines are an exclusively Northern Hemisphere 
group, where they originated, with only one species (P. merkusii) just crossing the equator 
(Mirov, 1967; Farjon, 2001).  They extend across the Northern Hemisphere from roughly 
15°N to 66°N latitude in North America and Eurasia although they have been planted 
extensively in the Southern Hemisphere (Farjon & Styles, 1997). They are ecologically 
extremely versatile ranging from the tundra tree line to tropical coastal savannas, altitudinally 
from sea level to 4000m (Farjon & Styles, 1997; Farjon, 2001).  They occur in pure extensive 
forests, mixed montane forests, desert shrubland and savanna and many are adapted to 
nutrient poor soils and large ranges of water availability through symbiosis with mycorrhizae  
(Farjon & Styles, 1997; Farjon, 2001).  The species distribution is large in the boreal zone but 
species diversity is low whereas the species distribution reduces towards oceanic coasts and 
in southern mountainous regions but species diversity increases (Farjon & Styles, 1997).  
Species diversity is greatest in Mexico and the southwestern USA, with a second region of 
diversity in southeast Asia and China (Mirov, 1967; Farjon & Styles, 1997). 
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Dothistroma needle blight has been recorded on 85 pine species (including subspecies and 
nothospecies) as well as Larix decidua, Pseudotsuga menziesii and 5 species of Picea. Table 
1.2 lists the species on which dothistroma needle blight has been found and their reported 
levels of susceptibility.  Even within the highly susceptible species some variation in 
susceptibility has been found due to provenance/seed source.  Peterson & Read (1971) found 
P. nigra seed sourced from the Tara plateau (Serbia and Bosnia and Herzegovina) to have 
low susceptibility to DNB, with that from eastern Austria showing moderate susceptibility.  
All 19 other provenances tested (Greece, Spain, Turkey, France, Crimea, Corsica) had high or 
variable susceptibility.  In another trial, P. ponderosa provenances from parts of New 
Mexico, Arizona and Nebraska showed low susceptibility to DNB while seeds sourced from 
more northern states (Colorado, Wyoming, Montana, North and South Dakota, Idaho, 
Washington and Oregon) were highly susceptible (Peterson, 1984). Provenances of P. 
ponderosa var ponderosa were deemed highly susceptible while the few provenances that 
were deemed to have low susceptibility were all from the variety scopulorum (Peterson, 
1984).  However, Gilmour & Noorderhaven (1969) found little correlation of susceptibility 
with geographical origin in P. ponderosa, although they did find provenance and origin to be 
a strong factor in susceptibility in  P. contorta.  Ades & Simpson (1991) found P. radiata var. 
radiata provenances from Monterey and Año Nuevo to be less susceptible than Cambria 
provenances, with Monterey slightly less susceptible than Año Nuevo.  Interestingly P. 
radiata trees grown from seeds from Australia and New Zealand have been reported to be 
less susceptible than the Californian provenances from which they originally came, 
suggesting that c. 100 years of selection for other factors has also selected for decreased DNB 
susceptibility (Bannister & Burdon, 1973; Ades & Simpson, 1991).  Gibson (1972) also 
found different provenances of P. caribaea and P. elliottii to have varying levels of 
susceptibility.  
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A number of other factors have also been found to affect susceptibility and disease severity.  
Eldridge, Turner & Lambert (1981), working in Australia, found that the highest levels of 
disease on P. radiata were in stands growing on poor soils (sulphur deficient basalt), but 
other soil and topographical factors were also influential.  Furthermore, Lambert (1986) 
found high levels of infection in stands with high arginine concentrations in the needles due 
to sulphur (and phosphorus) deficiencies induced by excessive nitrogen fertilizer application.  
Thus it seems that stands which have inadequate sulphur, either from naturally low sulphur 
soils or from excessive nitrogen fertilization, are more susceptible to DNB (as well as other 
foliar pathogens). 
In some species susceptibility seems to vary with the age of the host.  This phenomenon has 
mainly been observed in P. radiata, with young trees being highly susceptible with 
susceptibility decreasing with age (Ivory, 1968, 1972b).  Low susceptibility is generally 
shown around 15 years of age, although this can vary depending on inoculum loads and 
climate (Ivory, 1968, 1972b).  Pinus radiata foliage in shade is also less susceptible to 
infection than foliage in full sunlight, with this thought to be a response of the host rather 
than of the fungus (Gibson, Christensen & Dedan, 1967; Ivory, 1972b; Gadgil & Holden, 
1976).  
Hence, susceptibility is not only correlated with species and provenance but also with 
environmental conditions (e.g. for P. contorta and P. caribaea var. hondurensis (Gilmour & 
Noorderhaven, 1969; Ford, 1982)) and vigour (Gilmour & Noorderhaven, 1969).  It has also 
been suggested that natural stands are less susceptible to DNB than exotic plantations, for 
example natural P. radiata stands are not known to be infected, while this species is highly 
susceptible when planted both in its native and exotic range (Cobb & Miller, 1968).  It 
therefore seems that susceptibility and infection levels are the result of an interplay between 
the host species (including variety and provenance) and the pathogen itself (species, 
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genotype, amount of inoculum produced) as well as the controlling factor of the environment; 
also known as the disease triangle.  The environment influences both the host (e.g. stress 
from drought, and poor soils) and the pathogen (e.g. conditions suitable to spore germination 
and infection, and inoculum production) resulting in changes to the overall inoculum 
potential and pressure.  Various management practises can alter every aspect of the disease 
triangle, e.g. planting less susceptible hosts, thinning or pruning to reduce inoculum loads and 
to create environmental conditions less conducive to infection, and spraying fungicides to 
reduce inoculum loads.    
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Table 1.2  Susceptibility of conifer species to dothistroma needle blight.  Where no susceptibility 
information was available the species was placed in the ‘slightly susceptible’ category and is 
marked with a ‘‡’.  
Highly susceptible 
Species Reference 
Pinus attenuata Lemm Gilmour, 1967; Gibson, 1979 
Pinus x attenuradiata Gilmour, 1967; Gibson, 1979 
Pinus brutia Ten. var. brutia (syn. Pinus 
halepensis var. brutia (Tenore) Elwes and 
Henry 
Ivory, 1968; Ito, Zinno & Suto, 1972; 
Gibson, 1979 
Pinus brutia Ten. var. pityusa (Stevens) Silba 
(syn. Pinus pityusa Stevens) 
Ivory, 1968; Ito, Zinno & Suto, 1972; 
Gibson, 1979 
Pinus canariensis C. Sm. 
Gilmour, 1967; Ivory, 1968; Ito, Zinno & 
Suto, 1972 
Pinus caribaea Morelet var. hondurensis 
(Séné cl.) 
Ford, 1982 
Pinus caribaea Morelet var. caribaea Watt, Kriticos, Alcaraz, et al., 2009 
Pinus caribaea Morelet var. bahamensis 
(Griseb.) 
Watt, Kriticos, Alcaraz, et al., 2009 
Pinus cembroides Zucc. 
Ivory, 1968; Ito, Zinno & Suto, 1972; 
Gibson, 1979 
Pinus contorta Douglas ex Loudon Gibson, 1979 
Pinus contorta var. latifolia (Engelm.) Woods, Coates & Hamann, 2005 
Pinus engelmannii Carr. 
Ivory, 1968; Ito, Zinno & Suto, 1972; 
Gibson, 1979 
Pinus halepensis Mill. 
Ivory, 1968; Ito, Zinno & Suto, 1972; 
Gibson, 1979 
Pinus jeffreyi Balf. 
Gilmour, 1967; Bulman, Gadgil, Kershaw, et 
al., 2004 
Pinus muricata D. Don. Gremmen, 1968; Gibson, 1979 
Pinus nigra J.F. Arnold 
Gibson, 1979; Peterson, 1981; Jankovský, 
Bednářová & Palovčíková, 2004 
Pinus nigra J.F. Arnold subsp. laricio (Poir.) 
(syn. Pinus nigra subsp. salzmannii (Dunal) 
Franco var. corsicana (Loudon) Hylander ; 
syn. Pinus nigra var. maritima 
(Aiton.)Melville ; syn. Pinus laricio Poiret) 
Gilmour, 1967 
Pinus pinea L. 
Ivory, 1968; Ito, Zinno & Suto, 1972; 
Gibson, 1979 
Pinus ponderosa Douglas ex Lawson Ito, Zinno & Suto, 1972 
Pinus radiata D. Don 
Ivory, 1968; Ito, Zinno & Suto, 1972; 
Gibson, 1979 
Pinus sabineana Douglas ex D. Don Ivory, 1968; Ito, Zinno & Suto, 1972 
Pinus strobus L. Ito, Zinno & Suto, 1972 
Pinus sylvestris L. Gibson, 1979 
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Moderately Susceptible 
Species Reference 
Pinus bungeana Zucc. ex Endl. Gibson, 1979 
Pinus canariensis C. Sm. 
Gadgil, 1984; Bulman, Gadgil, Kershaw, et 
al., 2004 
Pinus caribaea Morelet Gibson, 1979 
Pinus clausa (Chapm. ex Engelm.) Sarg. Ivory, 1968; Karadžić, 2004 
Pinus coulteri D. Don Gibson, 1979 
Pinus cubensis Griseb. 
Ivory, 1968; Ito, Zinno & Suto, 1972; 
Gibson, 1979 
Pinus densiflora Siebold and Zucc Gibson, 1979 
Pinus echinata Mill. Ivory, 1968; Gibson, 1979 
Pinus echinata Miller x taeda Gibson, 1979 
Pinus elliottii Engelm. 
Ivory, 1968; Ito, Zinno & Suto, 1972; 
Gibson, 1979 
Pinus elliottii Engelm. var. densa Little and 
Dorman 
Ivory, 1968; Ito, Zinno & Suto, 1972 
Pinus flexilis E. James Gibson, 1979 
Pinus jeffreyi Balf. Gibson, 1979 
Pinus kesiya Royle. ex Gordon (syn. Pinus 
insularis Endl. ; syn. Pinus khasya Royale) 
Ivory, 1968; Ito, Zinno & Suto, 1972 
Pinus lambertiana Douglas Gilmour, 1967 
Pinus massoniana Lamb. 
Ivory, 1968; Ito, Zinno & Suto, 1972; 
Gibson, 1979 
Pinus monticola Douglas ex D. Don Gibson, 1979 
Pinus mugo Turra (syn. Pinus montana Mill.) Gibson, 1979 
Pinus mugo Turra subsp. mugo (Scop.) Gibson, 1979 
Pinus muricata D. Don 
Ivory, 1968; Bulman, Gadgil, Kershaw, et 
al., 2004 
Pinus occidentalis Sw. 
Ivory, 1968; Ito, Zinno & Suto, 1972; 
Gibson, 1979 
Pinus palustris Mill. 
Ivory, 1968; Ito, Zinno & Suto, 1972; 
Gibson, 1979 
Pinus pinaster Aiton 
Ivory, 1968; Ito, Zinno & Suto, 1972; 
Gibson, 1979 
Pinus ponderosa Douglas x C. Lawson var. 
scopulorum 
Ivory, 1968; Gilmour, 1967 
Pinus pungens Lamb. Gibson, 1979 
Pinus radiata D. Don var. binata (Engelm.) 
Lemmon 
Cobb & Libby, 1968; Brown, Rose & 
Webber, 2003 
Pinus resinosa Aiton Gibson, 1979 
Pinus roxburghii Sarg. 
Ivory, 1968; Ito, Zinno & Suto, 1972; 
Gibson, 1979 
Pinus strobiformis Englem. Gibson, 1979 
Pinus strobus L. Gibson, 1979 
Pinus taeda L. 
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Slightly susceptible 
Species Reference 
Cedrus atlantica (Endl.) Manetti ex Carriere‡ Pers. observation 
Larix decidua Mill. Bulman, Gadgil, Kershaw, et al., 2004 
Picea abies (L.) H. Karst. Bednářová, Palovčíková & Jankovský, 2006 
Picea omorika (Pančić ) Purk. Bulman, Gadgil, Kershaw, et al., 2004 
Picea pungens Engelm 
Jankovský, Palovčíková & Bednářová, 2004; 
Bednářová, Palovčíková & Jankovský, 2006 
Picea shrenkiana Fisch and C.A. Mey Bednářová, Palovčíková & Jankovský, 2006 
Picea sitchensis (Bong.) Carr. Bulman, Gadgil, Kershaw, et al., 2004 
Pinus aristata Engelm. Bednářová, Palovčíková & Jankovský, 2006 
Pinus albicaulis Engelm.‡ Brown, Rose & Webber, 2003 
Pinus arizonica var cooperi (Blanco) Darjin 
(syn. Pinus cooperi Blanco ; syn. Pinus lutea 
Blanco ex Maritinez)‡ 
Browne, 1968 
Pinus ayacahuite Ehrenb. ex Schltdl. Ito, Zinno & Suto, 1972 
Pinus banksiana Lamb.‡ Jankovský, Bednářová & Palovčíková, 2004 
Pinus brutia Ten. var. pityusa (Stevens) Silba 
(syn. Pinus pityusa Stevens) 
Shishkina & Tsanava, 1966a 
Pinus cembra L.‡ Kirisits & Cech, 2006 
Pinus contorta Douglas ex Loudon 
Gadgil, 1984; Bulman, Gadgil, Kershaw, et 
al., 2004 
Pinus contorta Douglas ex Loudon x 
banksiana (Lambert)‡ 
Parker & Collis, 1966 
Pinus contorta Douglas ex Loudon var. 
contorta‡ 
Peterson & Harvey, 1976 
Pinus coulteri D. Don 
Gilmour, 1967; Bulman, Gadgil, Kershaw, et 
al., 2004 
Pinus devoniana Lindl.  (syn.  Pinus 
michoacana Martin.) 
Gibson, 1979; Bulman, Gadgil, Kershaw, et 
al., 2004 
Pinus elliottii Engelm. var. densa Little and 
Dorman 
Gadgil, 1984; Bulman, Gadgil, Kershaw, et 
al., 2004 
Pinus hartwegii Lindl. (syn. Pinus 
montezumae Lambert var. hartwegii (Lindl.) 
Shaw ; syn. Pinus montezumae Lambert var. 
rudis (Endl.) Shaw ; syn. Pinus rudis Endl.) 
Gibson, 1979 
Pinus heldreichii H. Christ Bednářová, Palovčíková & Jankovský, 2006 
Pinus heldreichii H. Christ var. leucodermis 
(Antoine) Markgraf ex Fitschen (syn. Pinus 
leucodermis Ant.) 
Jankovský, Bednářová & Palovčíková, 2004 
Pinus koraiensis Siebold and Zucc. Lang & Karadžić, 1987 
Pinus maximinoi H.E. Moore (syn. Pinus 
tenuifolia Benth.)‡ 
Browne, 1968; Evans, 1984 
Pinus merkusii Jungh. and de Vriese Gibson, 1979 
Pinus montezumae Lamb. Ivory, 1968; Ito, Zinno & Suto, 1972 
Pinus monticola Douglas ex D. Don 
Gilmour, 1967; Bulman, Gadgil, Kershaw, et 
al., 2004 
Pinus mugo Turra subsp. uncinata (Ramond 
ex DC.) Domin. (syn. Pinus uncinata) ‡ 
Kirisits & Cech, 2006 
Pinus mugo subsp. rotundata (Link) Janchen Bednářová, Palovčíková & Jankovský, 2006 
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& Neumayer (syn.  Pinus rotundata Link)‡ 
Pinus nigra J.F. Arnold subsp. nigra 
Gadgil, 1984; Bulman, Gadgil, Kershaw, et 
al., 2004 
Pinus oocarpa Schiede ex Schltdl. Ivory, 1968; Ito, Zinno & Suto, 1972 
Pinus pallasiana D. Don. Barnes, Kirisits, Akulov, et al., 2008 
Pinus patula Schiede ex Schltdl. and Cham. Gilmour, 1967 
Pinus peuce Griseb.‡ Barnes, Crous, Wingfield, et al., 2004 
Pinus pseudostrobus Lindl. Ivory, 1968; Ito, Zinno & Suto, 1972 
Pinus radiata D. Don var. binata Eng. (syn. 
Pinus murciata D. Don var. cedrosensis 
Howell ; syn. Pinus radiata D. Don var 
cerdrosensis(Howell) Silba) 
Brown, Rose & Webber, 2003 
Pinus rigida Mill. 
Bulman, Gadgil, Kershaw, et al., 2004; 
Bednářová, Palovčíková & Jankovský, 2006 
Pinus sabiniana Douglas ex D. Don Gilmour, 1967 
Pinus serotina Mich. 
Gilmour, 1967; Bulman, Gadgil, Kershaw, et 
al., 2004 
Pinus sibirica Du Tour (syn. Pinus cembra 
L. var. sibirica (Du Tour) G. Don) 
Bednářová, Palovčíková & Jankovský, 2006 
Pinus strobus L. 
Gilmour, 1967; Bulman, Gadgil, Kershaw, et 
al., 2004 
Pinus strobus L. var. chiapensis Martinez Ivory, 1968; Ito, Zinno & Suto, 1972 
Pinus sylvestris L. Gilmour, 1967; Lang & Karadžić, 1987 
Pinus sylvestris L. var. mongolica Litv.‡ Li, Zhang, Hui, et al., 1998 
Pinus tabuliformis Carrière Lang & Karadžić, 1987 
Pinus taeda L. 
Gilmour, 1967; Bulman, Gadgil, Kershaw, et 
al., 2004 
Pinus tecunumanii Eguiluz and J.P.Perry 
(syn. Pinus oocarpa var. ochoterenae 
Martinez; syn. Pinus patula Schiede & 
Deppe spp. techunumanii Eguiluz & Perry)‡ 
Evans, 1984 
Pinus torreyana Parry ex Carrière Ivory, 1968; Ito, Zinno & Suto, 1972 
Pinus wallichiana A.B. Jacks. Gibson, 1979 
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1.11 Impact of dothistroma needle blight 
The predominant effect of dothistroma needle blight is needle necrosis and premature 
defoliation which leads to loss of photosynthetic ability and therefore reduction in growth. 
Nonetheless the more specific impacts vary depending on the age of the tree affected and the 
level of infection. In young (up to a few years old) trees all needles are equally efficient and 
thus there is a linear relationship between infection and growth reduction, with the greatest 
effect being a reduction in height increment (Gibson, Christensen & Munga, 1964; Hocking 
& Etheridge, 1967; Gibson, 1972).  On older trees initial infection occurs on older, less 
photosynthetically active needles and therefore there is little impact on growth when infection 
levels are low (Gibson, 1972).  Only when the infection spreads to younger, more 
photosynthetically active needles does an impact on growth become apparent (Gibson, 1972).  
This results in a sigmoidal relationship between infection level and impact on growth 
(Hocking & Etheridge, 1967; Gibson, 1972).  A number of studies have consistently found 
that a significant reduction in growth, with diameter increment being more affected than 
height, occurs when over 25% of needles are infected (Christensen & Gibson, 1964; Hocking 
& Etheridge, 1967; Whyte, 1969) and Christensen & Gibson (1964) found that diameter 
increment practically ceased when 75% of the needles were affected.  Van der Pas (1981) 
showed that there was a proportional relationship between disease level (percentage of 
foliage infected) and volume loss, so that, for example, an average disease level of 50% 
resulted in a volume loss of 50% after three years.  Old & Dudzinski (1999) found a similar 
relationship, above 25% needle loss, for every additional 1% lost they found a 1% loss of 
volume up to 75% needle loss. As mentioned previously, high levels of the disease result in 
only one or two years’ foliage being retained; in such cases current year needles are directly 
infected from the previous years’ needles before they are prematurely shed, resulting in much 
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reduced photosynthetic activity and explaining the dramatic reduction in growth rates 
outlined above. 
In severe cases DNB can cause the death of the host by repeated high levels of defoliation 
and the accompanying reduction in photosynthesis.  Mortality levels of 10 - 38% in two years 
have been reported in Montana, USA from P. flexilis stands (Taylor & Schwandt, 1998), 60% 
in three years in Canada in P. radiata stands (Parker & Collis, 1966), 67.6% in two years in 
California in P. radiata stands (Cobb, Uhrenholdt & Drohn, 1969), and even over 90% 
mortality in P. ponderosa stands in Illinois, USA (Lorenz, 1970).  In Britain mortality rates 
can be high as well.  Brown (2012) reported mortality rates of up to 6% each year in Pinus 
nigra subsp. laricio stands and 20% in unthinned, mature Pinus contorta var. latifolia (inland 
provenance) stands.  Severely defoliated trees are more susceptible to Armillaria spp. and 
other pathogens (Etheridge, 1967) and this has been associated with increased mortality in 
heavily infected stands in New Zealand and East Africa (Gibson, Christensen & Munga, 
1964; Shaw & Toes, 1977; Woollons & Hayward, 1984; Sweet, 1989).   
The economic impact of the disease is difficult to quantify yet several attempts have been 
made.  The most recent estimates from New Zealand are of NZD $24 million per year 
(Bulman, 2007) and NZD $19.8 million per year (Watt, Bulman & Palmer, 2011).  Price 
(2010) estimated losses due to DNB at c. GBP £8.6 million per year in Great Britain.  These 
losses were primarily due to the disease impact on Corsican pine, with direct losses to timber 
production estimated as GBP £4.99 million per year and lost opportunities for expanding 
Corsican pine growing areas set at GBP £3.31 million per year.  Estimated losses from 
lodgepole pine production were substantially lower, at GBP £279 thousand per year.  The 
overall figures closely match those produced by Brown (2011), who estimated the loss of 
timber revenue to be GBP £8 million per year with additional losses to non-timber benefits of 
c. GBP £50 million per year.  
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1.12 Control of the disease 
A number of ways of controlling the disease have been investigated and for these to be viable 
the level of complexity, cost, and speed of implementation and results all need to be 
considered.  
A fairly straightforward and quick-acting way of controlling the disease is to create 
environmental conditions in the stand which are less conducive for the fungus, predominantly 
by thinning and pruning.  Thinning the stand increases air circulation, decreasing humidity 
and the time it takes for foliage to dry therefore slowing the rate of infection (Bulman, 
Ganley & Dick, 2008).  Thinning removes inoculum and increases the distance between the 
trees, reducing the effectiveness of rain splashed spores (Bulman, Ganley & Dick, 2008).     
Pruning trees also increases air flow in the stand while additionally aiding in removing 
infected branches, and thus inoculum (Bulman, Ganley & Dick, 2008).  Working in New 
Zealand, Van der Pas, Bulman & Horgan (1984) found that thinning and pruning reduced 
disease levels for at least the first year after the operation. In the same country, both Bulman 
(1990) and Hood & Ramsden (1996) found that pruning reduced disease levels for at most 
two years after the operation with no discernible effect in later years; yet both trials used 
small treatment plots, possibly too small to significantly reduce inoculum levels.  Marks & 
Smith (1987), working in Australia, found that disease levels increased when mean crown 
separation was less than 1.0 m, whereas if it was over 2.5 m the disease was held at a very 
low level.  The only results from Europe, where stocking densities are much higher than in 
New Zealand or Australia, are initial findings from the UK where Brown (2007) reported that 
thinning decreased crown infection one year after the operation, with more heavily thinned 
areas having a greater reduction in crown infection than less heavily thinned areas. Pruning 
and thinning are methods that are easy to implement and relatively quick acting but reduction 
in disease levels seem to be short lived and fairly modest. 
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A great deal of research has been done on chemical control of the disease.  Many fungicides 
are effective against the fungus with the most widely used ones being copper oxychloride and 
cuprous oxide due to their effectiveness and low cost (Gibson, 1974; Ray & Vanner, 1988; 
Bulman, Ganley & Dick, 2008).  Dothistroma is highly sensitive to copper, and Franich 
(1988) found that exposure of spores to 20 mg Cu 
2+
 per litre for as little as 1.5 hours resulted 
in death.  In the same study, exposure of spores to 10 mg Cu 
2+
 per litre resulted in shortened 
germ tubes and distorted hyphae which was deemed sufficient to reduce infection levels.  
Only in New Zealand has large scale application of fungicides been used to combat 
dothistroma needle blight with up to 200 tonnes of copper fungicide applied in one year 
(Bulman, Gadgil, Kershaw, et al., 2004).  Copper fungicides have been aerially applied to 
infected P. radiata stands there since 1966 (Bulman, Ganley & Dick, 2008). Stands are 
sprayed when the disease level in the unsupressed green crown exceeds 25% (Bulman, 
Gadgil, Kershaw, et al., 2004).  The spray currently consists of five litres per hectare [1.66 kg 
copper oxychloride (as a 50% wettable powder) or 1.14 kg  cuprous oxide (as 75% copper 
de-dusted wettable powder) mixed with two litres of spray oil and made up to five litres with 
water] applied aerially with Micronair spraying equipment with an aimed droplet size of 65 
microns (Bulman, Gadgil, Kershaw, et al., 2004).  The economics of spraying have been 
much discussed, results of trials are variable and depend on costs of application and final 
revenue from produced timber. Bulman (1993) suggests spraying may only be worthwhile in 
highly stocked stands or in stands where the microclimate is especially favourable to the 
disease (e.g. sheltered humid sites, unpruned stands). Yet the general view among New 
Zealand foresters is that cessation of spraying would result in large inoculum loads and 
increased disease levels, with mortality becoming a problem (Bulman, Ganley & Dick, 2008).  
In the UK, and indeed much of Europe, aerial fungicide application to control DNB may be 
considered uneconomical and unacceptable to the general public due to health and 
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environmental concerns.  However, due to an increase in pests and diseases it is an option 
that needs to be revisited. 
A long term strategy to control DNB is to plant species, varieties and/or provenances less 
susceptible to the disease.  An attempt to improve this inherent low susceptibility has been 
undertaken as part of the P. radiata breeding programme.  First attempts were made in East 
Africa in the 1960s and are currently ongoing in New Zealand (Ivory & Paterson, 1970; 
Wilcox, 1982; Carson, 1989; RPBC, 2006).  It had been noted that some individual trees in 
heavily infected stands had low levels of infection (Ivory & Paterson, 1970; Wilcox, 1982). 
These trees were vegetatively propagated, by either rooted cuttings or grafted scions, and 
some of the resulting ramets were found to retain the lower susceptibility of the ortets 
(parents) (Ivory & Paterson, 1970; Wilcox, 1982).  As DNB susceptibility was found to be 
moderately heritable and is a quantitative trait, seed can also be collected from less 
susceptible clones to provide a better proportion of less susceptible seedlings (Wilcox, 1982; 
Carson, 1989).  Furthermore, the fact that older trees of P. radiata are less susceptible to 
DNB infection has been exploited by Ades & Simpson (1990) who produced cuttings with 
lower susceptibility when compared with seedlings.  All of these methods show some 
promise in breeding less susceptible trees.  The greatest reductions in crown infection from 
use of lines less susceptible to D. septosporum are estimated to be from 7-20%, with an 
average of 11-12% (Carson, 1989).  This could possibly be increased by planting only stock 
with low susceptibility which would reduce inoculum levels on a forest scale (Carson, 1989). 
Yet gains from reducing DNB susceptibility must be balanced with other traits such as form, 
growth rate and wood properties that must also be selected for, therefore reduced 
susceptibility to D. septosporum is only one of nine selection traits currently used by the New 
Zealand Radiata Pine Breeding Cooperative (Jayawickrama & Carson, 2000).  Additionally, 
New Zealand has the relative benefit of having only one mating type and low genetic 
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diversity of D. septosporum (Hirst, Richardson, Carson, et al., 1999), thus slightly reducing 
the risk of resistance being overcome by mutation and recombination in the fungus.  Planting 
less susceptible stock is a sensible long term strategy even if directly breeding for reduced 
susceptibility has its limitations.  It must also be kept in mind that even stock of low 
susceptibility becomes infected under high inoculum loads and conditions favourable to the 
fungus, reducing its value in areas with high disease levels or risk. 
 
1.13 Aims and Objectives 
The proceeding literature review demonstrates that the disease occurs widely across the world 
and has been studied from many different aspects.  However, the severity of the disease in 
Britain, along with particular conditions (climate, species, and forest management regimes) 
illustrates the need for further studies of DNB epidemiology within this country.  The impact 
of the disease on Britain’s commercial forests is significant, resulting in heavy economic 
losses and influencing species planting choice.  This impact is set to continue, if not increase.   
Therefore, the aim of this research is to elucidate the epidemiology of DNB in Britain, 
particularly in relation to how this can inform forest management decisions. 
Several factors have the potential to be critical drivers influencing the proliferation of the 
pathogen, and the impact the disease can have on individual trees, forest stands and at a 
landscape level. The research undertaken in this study therefore addresses the following 
objectives: 
 To elucidate the timing of infection of the pathogen and how particular weather 
variables can influence this. 
 To assess the effect of multi-year infection on pine shoot and needle lengths. 
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 To determine how long the pathogen can persist in abscised needles under the varying 
conditions present in a forest stand.  
 To explore how far the pathogen can be dispersed under natural conditions. 
 To investigate the genetic and population structure of the pathogen in Britain and 
Brittany, France and examine whether sexual recombination of the fungus is likely to 
be occurring in these locations.  
By addressing these issues this study intends to expand our understanding of DNB 
epidemiology, and help explain why DNB has become such a significant threat to our 
commercial forest industry over the past two decades. 
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Chapter 2 General Materials and Methods 
 
2.1 Media and Fungal isolation  
2.1.1 Growth media 
 
2.1.1.1 Dothistroma Medium (DM) 
   (Bradshaw, Ganley, Jones, et al., 2000) 
Malt extract (Oxoid, Basingstoke, UK)  50 g 
Nutrient agar (Oxoid, Basingstoke, UK)  23 g 
Distilled water     up to 1000 ml 
Autoclave for 15 min at 121°C/15 lb psi. 
 
2.1.1.2 Dothistroma Medium + Streptomycin (DM+S) 
 
A standard 1% streptomycin solution was made up by mixing 1 g streptomycin sulfate salt 
(Sigma-Aldrich, USA) with 100 ml of sterile distilled water. The standard solution was kept 
in the dark at 4°C for storage. 
Malt extract (Oxoid, Basingstoke, UK)  50 g 
Nutrient agar (Oxoid, Basingstoke, UK)  23 g 
Distilled water     up to 1000 ml 
Autoclave for 15 min at 121°C/15 lb psi.  
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When the medium was cool enough to touch (~55°C), 20-25ml of 1% streptomycin solution 
was added to the medium and well agitated before being poured.  The agar was stored in the 
dark at 4°C to prevent breakdown of streptomycin. 
 
2.1.1.3 Dothistroma Sporulation Medium (DSM)  
(Bradshaw, Ganley, Jones, et al., 2000) 
Malt extract (Oxoid, Basingstoke, UK)   20 g 
Yeast extract (Oxoid, Basingstoke, UK)   5 g 
Agar Technical no. 3 (Oxoid, Basingstoke, UK)  15 g 
Distilled water      up to 1000 ml 
Autoclave for 15 min at 121°C/15 lb psi. 
 
2.1.2 Isolation method 
Standard sterile techniques were used during isolation of D. septosporum isolates. All utensils 
(e.g. scalpels, foreceps) were sterilized with industrial methylated spirits (IMS) between each 
isolation, and flamed off before use. The spore streaking method outlined in Mullett & 
Barnes (2012) was used to obtain isolates from infected needles.  Briefly this consisted of 
gently wiping the needle containing the D. septosporum acervulus with an IMS soaked tissue 
and placing it on a clean glass microscope slide (Figure 2.1a).  Under a binocular (stereo) 
microscope the acervulus was excised using a scalpel and forceps, placed onto the slide 
below and covered with one drop of sterile distilled water (SDW). After a clean cover slip 
was lowered onto the acervulus it was crushed using the tips of the forceps to help release the 
conidia.  Presence of the conidia was verified using a compound microscope (see Figure 2.2).  
The cover slip was then lifted off using fine forceps and an extra drop of SDW added to the 
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slide.  The conidial suspension was then streaked onto a 90 mm Petri dish containing 
Dothistroma Medium + Streptomycin (DM+S) (Figure 2.1b and c).  Four to six streaks were 
made per Petri dish with two to three dishes prepared per isolate. 
Petri dishes were incubated at 20°C for four to nine days after which single colonies of D. 
septosporum were sub-cultured onto Dothistroma Medium (DM) (Figure 2.1d).  Dothistroma 
cultures are characteristically small (usually the smallest, slowest growing cultures on the 
Petri dish) and have distinctive zig-zagging hyphae when young (Figure 2.3).  For storage 
cultures were kept on bijou slopes of Dothistroma Sporulation Medium (DSM). 
 
Figure 2.1 Isolation technique illustration :  a) Needle on a clean glass slide under the 
microscope; b) Picking up of the spore solution with a bacterial loop; c) Streaking spores onto a 
Petri dish; d) D. septosporum colonies after 20 days at 20°C.  
a b
c d
General Materials and Methods 
  58 
 
Figure 2.2 Conidia of D. septosporum at various magnifications 
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Figure 2.3 Four day old D. septosporum cultures on DM+S incubated at 20°C.  The arrows 
indicate the characteristic zig-zagging of young D. septosporum hyphae. 
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2.2 Molecular Methods 
2.2.1 DNA Extraction 
For DNA extraction fungal isolates were grown for approximately two weeks at 20°C on 
autoclaved cellophane discs placed on Dothistroma Medium. Extraction was done with a 
Kingfisher Flex magnetic particle processor (Thermo Scientific, MA, USA) using Kingfisher 
Plant DNA Extraction kits (Thermo Scientific) according to the manufacturer’s instructions 
with two minor modifications: 1) during homogenization of the mycelium slightly more lysis 
buffer was used (575 µl vs. 500 µl), 2) more vigorous mixing steps (bottom mix vs. half mix) 
were used during the extraction.  
2.2.2 Species confirmation and mating type determination 
Species and mating type were determined using the method of Groenewald, Barnes, 
Bradshaw, et al. (2007).  One set of primers amplifies both mating types of D. septosporum; 
another set amplifies both mating types of D. pini, with no cross amplification.  As D. 
septosporum was expected to be predominant, isolates were tested using the D. septosporum 
primers first.  Any isolates with weak or absent bands were tested using the D. pini primers.  
Primers are listed in Table 2.1.  Each reaction contained 1x (i.e. 12.5 µl) GoTaq Green 
Master Mix (Promega, Madison, WI, USA), 0.1 µM each primer, 10.5 µl PCR H2O 
(Promega), and 1 µl DNA in a total volume of 25 µl.  The thermal cycle consisted of an 
initial denaturation step of 94°C for 5 minutes followed by 40 cycles of denaturation at 94°C 
for 20 seconds, annealing at 65°C for 20 seconds and elongation at 72°C for 40 seconds, 
followed with a final elongation step of 72°C for 5 minutes.  PCR products were visualised 
on a 1.5% agarose gel stained with GelRed nucleic acid stain (Biotium, Hayward, CA, USA) 
after running for 40 minutes at 120V.  Mating type 1 produces a band c. 820 bp long while 
mating type 2 produces a shorter band at c. 480 bp. 
General Materials and Methods 
  61 
 
Table 2.1 Primer sequences used in mating type reactions. 
Primer Name Forward or 
Reverse 
Primer  
Primer Sequence (5’ to 3’) Reaction:  
Ds (D. 
septosporum) or 
Dp (D. pini) 
DseptoMat1f Forward CGCAGTAAGTGATGCCCTGAC Ds 
DsetptoMat2f Forward GTGAGTGAACGCCGCACATGG Ds 
DotMat1r Reverse TTGCCTGACCGGCTGCTGGTG Ds and Dp 
DotMat2r Reverse CTGGTCGTGAAGTCCATCGTC Ds and Dp 
DpiniMat1f2 Forward AGTAAGCGACGCGCTCCCATG Dp 
DpiniMat2f Forward GTAAGTGATCGTTGAACATGC Dp 
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2.2.3 Microsatellites 
Microsatellites developed by Barnes, Cortinas, Wingfield, et al. (2008) were used for 
multilocus haplotyping. Table 2.2 lists the markers, their sequences and annealing 
temperatures, and fluorophore labels of the forward primers.   Forward fluorescently labelled 
primers were purchased from Applied Biosystems (Carlsbad, CA, USA), reverse unlabelled 
primers from IDT (Leuven, Belgium).  The thermal cycle followed Barnes, Cortinas, 
Wingfield, et al. (2008).  In brief, this consisted of a 2 minute denaturation step at 96°C 
followed by 10 cycles of 94°C for 30 seconds, the annealing temperature for each primer for 
30 seconds, and 72°C for 45 seconds.  An additional 25 cycles followed with a 5 second 
extension after each cycle and the annealing time altered to 40 seconds.  The final elongation 
step was carried out at 72°C for 10 minutes.  A multiplexed PCR procedure was developed to 
reduce costs of reagents and to save time. Multiplexing uses several primers to amplify more 
than one product in a single reaction tube.   Optimization of the multiplexing procedure and 
subsequent haplotyping of isolates required adjustment of a number of critical steps: 1) 
optimizing concentration of PCR reagents in multiplex reactions 2) determining which 
primers can be multiplexed together 3) optimization of fluorophore and primer concentrations 
to produce even allele peak heights and 4) determining of appropriate PCR product dilution 
for haplotyping analysis. 
 As multiplexing involves multiple reactions, concentrations of some reagents needed to be 
increased.  Additionally primer-primer interactions prohibited various primers from being 
multiplexed together. Thus, initial trials involved altering concentrations of various limiting 
reagents in multiplexed reactions (Table 2.3) and various combinations of primers.  A total of 
31 different master mixes were trialled.  Results showed that for multiplexed reactions higher 
concentrations of both MgCl2 and dNTPs produced the best results.  
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Scoring of the peaks produced by the PCR products in GeneMapper revealed non-uniform 
peak height.  Two possible reasons for this are the preferential amplification of one PCR 
product over another in the multiplexed reactions and/or the different relative intensities of 
the fluorophores used.  The relative intensities of the fluorophores used are FAM, VIC > 
NED >PET.  To reduce the effect of varying peak heights for different markers a number of 
different primer concentrations were trialled.  Increasing the initial primer concentration 
(which contains the fluorophore) in the PCR reaction will increase the product of the primer 
as well as increasing the intensity of the peak in subsequent scoring. Trials were carried out 
both increasing the low-intensity primers and decreasing the high-intensity primers.  Primer 
concentrations trialled were 0.20, 0.25, 0.30 (as per Barnes, Cortinas, Wingfield, et al. 
(2008), 0.35, and 0.40 µM.  Optimal results were obtained using 0.30 and 0.35 µM 
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Forward GCCGCAACCTCGGATCAAGC PET 
1 
58 
Reverse CCCAATGACGTCTCACCGTT  
Doth_M 
Forward GACTAACAACGCCTTCAACAGT NED 
1 
Reverse GAAAGGTGGTACATACGTCGG  
Doth_I 
Forward GCACTGCAATTCGACTGGGAC VIC 
1 
Reverse CGCAGCAAGGCTTAGTGAATCA  
Doth_E 
Forward GACATGAACGAGAACTGCATGC FAM 
1 
Reverse GCCAAACTGCTCACAAGTCTG  
Doth_F 
Forward GATATGGAATGATGGAGGTGGC FAM 
2 
Reverse CGGAACATTTGTCAGCGAGGG  
Doth_G 
Forward GAGTGGAAAGTAAGGGCTGAGG NED 
2 
Reverse GAATTGCTGTACTGGAAGACC  
Doth_J 
Forward GACTCCTCGGTCTGATTCGTG VIC 
2 
Reverse CAGCGACGCCATCACGTACTC  
Doth_O 
Forward CGAGAAGCGACGTGCATCCTC PET 
5 
Reverse GCCACGAGAGCGTCTTGTACT  
Doth_DS1 
Forward GGACATTTGACAGCTGTCCG PET 
4 57 
Reverse GCATGAGCGCGAGCTCAGAC  
Doth_K 
Forward GGTCTCAAGCTGACGTGATCG NED 
3 
60 
Reverse CGAGTCTGAGTTGGTCACGAG  
Doth_L 
Forward GTAAGGTCGCAGTCGGTGAAG FAM 
3 
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Table 2.3 Concentrations of MgCl2 and dNTPs used in initial multiplexing trials 
 
Reagent concentrations 
MgCl2 (mM) dNTPs (mM) 
Standard concentrations 1.5 0.2 
Higher MgCl2, standard 
dNTPs 
3.0 0.2 
Higher dNTPs, standard 
MgCl2 
1.5 0.4 
Higher MgCl2 and dNTPs 3.0 0.4 
 
Primers with different annealing temperatures cannot be multiplexed as they require different 
thermal cycles.  Due to time restraints it was decided to run primer Doth_O separately as no 
combination of primers or reagent concentrations produced satisfactory results. Doth_O and 
Doth_DS1 were therefore not multiplexed and contained 1 µl DNA, 1x GoTaq Clear Buffer 
(Promega), 1 U GoTaq polymerase (Promega), 0.2 mM each dNTP (Promega) and 0.3 µM 
forward and reverse primers in a total of 25 µl.  Multiplexed PCRs contained additional 
dNTPs (0.4 mM final concentration) and MgCl2 (additional 1.5 mM for final concentration of 
3.0 mM).  Doth_E, Doth_I, Doth_M and Doth_DS2 were multiplexed using 0.3 µM forward 
and reverse primers Doth_E and Doth_I, and 0.35 µM forward and reverse primers Doth_M 
and Doth_DS2.  Doth_F, Doth_J, and Doth_G were multiplexed using 0.3 µM forward and 
reverse primers Doth_F and Doth_J and 0.35 µM forward and reverse primers Doth_G.  
Doth_K and Doth_L were multiplexed using 0.35 µM forward and reverse primers Doth_K 
and 0.3 µM forward and reverse primers Doth_L. The 5’ ends of the forward primers were 
labelled with the following fluorophores: 6-FAM (Doth_E, Doth_F, Doth_L), VIC (Doth_I, 
Doth_J), PET (Doth_DS1, Doth_DS2, Doth_O), NED (Doth_G, Doth_M, Doth_K.  
Therefore a total of 5 reactions were needed to produce multilocus haplotypes of 11 loci as 
opposed to 11 separate reactions needed without multiplexing. 
General Materials and Methods 
  66 
During scoring of alleles, peak heights must clearly be above noise levels but below a 
maximum determined by the software (10,000 relative fluorescence units).  To establish this 
optimal peak height a number of trials of the dilution of the PCR products were conducted (1 
x 10
2
, 1.5 x 10
2
, 5 x 10
2
, 1 x 10
3
).  The optimal dilution was determined to be 1 x 10
3
.  A 
dilution of the PCR products was combined with the LIZ600 size standard (Applied 
Biosystems) and Hi-Di Formamide (Applied Biosystems), loaded on an Applied Biosystems 
3130XL Genetic Analyser and run using the POP-7 polymer (Applied Biodystems).  PCR 
products were again multiplexed to reduce costs.  Two reactions were run: i) Doth_E, Doth_I, 
Doth_M, Doth_DS2, Doth_DS1 and ii) Doth_F, Doth_J, Doth_G, Doth_O, Doth_K, Doth_L.  
Alleles were scored using GeneMapper v5.0 (Applied Biosystems). 
A selection of alleles were sequenced to confirm their length.  This always included the 
maximum and minimum allele length found for each marker as well as a range of 
intermediate lengths.  Where the alleles did not fit the predicted repeat length or were of 
abnormal length (e.g. 1 bp from another allele) they were sequenced, as were alleles of 
lengths on either side of them.  Sequences were aligned manually using Sequencher 5.0.  The 
use of different machine models, different size standards, different polymers, or different 
multiplexing procedures to determine allele lengths can result in different lengths being 
called.  When the same protocol is used within a study no issues arise, but difficulties can 
occur when attempting to compare datasets from different studies. In order to allow 
comparison of alleles found in other (future) studies, sequences were aligned to the original 
sequences deposited by Barnes, Cortinas, Wingfield, et al. (2008) which contained the full 
lengths of alleles including the complete forward and reverse primers.  Therefore the 
‘absolute’ lengths of alleles were used (i.e. from the first base of the forward primer to the 
last base of the reverse primer as confirmed by sequencing). 
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2.3 Statistical methods of microsatellite and mating type analysis 
2.3.1 Dataset preparation 
Repeated resampling of the same clone can cause artificial associations among loci skewing 
measures of disequilibrium (Chen & McDonald, 1996).  This is effectively the Wahlund 
effect, where a reduction in heterozygosity or linkage disequilibrium in the entire population 
is caused by population substructure, in this case the substructure is due to individuals 
sampled in close proximity to each other more likely being clones. In this work multilocus 
haplotypes identical at all loci, including mating type, were considered clones.  Two data sets 
were created, one containing all individuals, another containing only one individual of each 
multilocus haplotype per site (clone corrected data set).  The complete data set (non-clone 
corrected) was used to calculate genotypic (haplotypic) diversity and for inferring the optimal 
number of population clusters. Both data sets were used for random mating tests in order to 
reduce the chance of rejecting the null hypothesis of random mating that a smaller clone 
corrected data set might carry (Milgroom, 1996). The clone corrected data set was used for 
all other tests (Allelic richness, Private allelic richness, AMOVA, Mantel tests). 
2.3.2 Clustering methods 
Two methods were used to estimate the most likely number of population clusters.  An 
individual based clustering method was implemented in Structure 2.3.4 (Falush, Stephens & 
Pritchard, 2003). Structure uses a Bayesian clustering algorithm to assign individuals to a 
specified number of clusters (K).  To estimate the optimal number of clusters, independent 
runs of K were carried out using no priors (i.e. no information on geographical location or 
host was provided), and a model of correlated allele frequencies, with admixture among 
populations allowed.  The number of burnin and data collection iterations are specified in the 
relevant sections (7.2.2 and 8.2.2).  The optimal number of K was determined using the 
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method of Evanno, Regnaut & Goudet (2005) implemented in Structure Harvester (Earl & 
vonHoldt, 2012).  Clumpp (Jakobsson & Rosenberg, 2007) was used to explore 
multimodality and label switching between the various Structure runs of the optimal K.  The 
Distruct programme (Rosenberg, 2004) was used to visualize the Clumpp output.  
As Structure works by maximising within-cluster linkage equilibrium among unlinked loci, 
spurious results can be caused by the occurrence of important asexual components of the life 
cycle.  Principal coordinate analysis (PCoA) does not assume random mating or linkage 
equilibrium and was used to corroborate the clusters inferred by Structure.  PCoA is a 
multivariate technique that reduces the information contained in allele frequencies into a 
small number of synthetic variables enabling a graphical representation of the genetic 
distances (Gladieux, Zhang, Róldan-Ruiz, et al., 2010; Peakall & Smouse, 2012).  It enables 
visualization of major patterns in a data set with each axis explaining a proportion of the 
variation, with each successive axis explaining proportionately less of the total variance; 
when clear groups are formed, typically the first two or three axes reveal most of the 
separation between them.  PCoA was performed in GENALEX 6.5 (Peakall & Smouse, 
2012) using the pairwise mean genetic distance between groups. 
 
2.3.3 Genetic Variation  
Genotypic (haplotypic) diversity was calculated from the non-clone corrected data set using 
Multilocus 1.3b (Agapow & Burt, 2001).  The value ranges from 0 to 1, with 0 occurring if 
every individual is the same, and 1 if every individual is different.  The clonal fraction (CF) is 
the proportion of isolates derived from clones, or asexual reproduction.  This was calculated 
as:  
  (Zhan, Pettway & McDonald, 2003) 
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Arlequin 3.5 (Excoffier & Lischer, 2010) was used to calculate gene diversity (Nei, 1987) 
from the clone corrected data set. Allelic richness (AR) (i.e. the number of distinct alleles in a 
group) and private allele richness (PAR) (i.e. the number of alleles unique to a particular 
group) were computed using ADZE (Szpiech, Jakobsson & Rosenberg, 2008).  ADZE uses a 
rarefaction procedure to adjust AR and PAR to a specific sample size, allowing comparisons 
between populations with different sample sizes.  Calculations were standardized to a 
uniform size corresponding to the size of the smallest group. 
 
2.3.4 Tests for random mating 
Random mating was tested using two methods, the index of association (and its associated 
measure   r d ) and the parsimony tree-length permutation test (PTLPT).  Multilocus 1.3b was 
used to calculate the index of association (IA) and   r d .  IA is a measure of multilocus linkage 
disequilibrium, where the distance (i.e. the number of loci at which they differ) between 
individuals is calculated and its variance compared with that if there was no linkage 
disequilibrium (Brown, Feldman & Nevo, 1980; Agapow & Burt, 2001).  In a randomly 
mating population there will be linkage equilibrium, or random assortment among unlinked 
alleles.  If a population exhibits linkage disequilibrium it indicates that random mating is not 
occurring.  The IA from the observed data was compared to that obtained after 1,000 
randomizations to simulate random mating.   r d  is a modification of IA that removes 
dependency on the number of loci used, thus facilitating comparisons between studies. 
The PTLPT compares the tree length of the observed dataset to that of trees derived from 
randomizations of the dataset.  Clonal populations should produce shorter, fewer and better 
resolved trees than those of recombining populations (Burt, Carter, Koenig, et al., 1996; 
Burnett, 2003).  As in the IA test 1,000 randomizations were carried out to simulate random 
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mating.  Multilocus 1.3b was used to create the datasets for use in PAUP 4.0b10 (Swofford, 
2003). 
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Chapter 3 Infection Timing of Dothistroma Needle Blight in 
England 
3.1 Introduction 
Dothistroma needle blight can quickly reach epidemic proportions under the appropriate 
conditions.  This leads to severe defoliation, decrease or cessation of growth, and in extreme 
cases tree death.  Such large scale outbreaks have occurred in East Africa and New Zealand 
(Gibson, Christensen & Munga, 1964; Bulman, Ganley & Dick, 2008).  Since the late 1990s 
similar epidemics have begun in the northern hemisphere, including Canada and Britain, even 
though the pathogen has been present in these countries for many decades.  When the disease 
is spreading rapidly within a forest stand the main infective propagules are asexually 
produced conidia, which are dispersed primarily via rain splash in the spring and summer 
(Gibson, Christensen & Munga, 1964; Brown, Rose & Webber, 2003).  The recent upsurge in 
disease levels in the northern hemisphere, coupled with erumpent acervuli containing viable 
conidia found in needles under snow in winter, suggests that propagule spread and infection 
might be occurring over a wider time scale and under a wider range of conditions than 
previously thought. 
Acervuli development is dependent on temperature and water availability and is thus 
accelerated under warm, moist conditions (Gadgil, 1974, 1977). In temperate climates the 
disease cycle (time from initial infection to production of spores and infection of subsequent 
needles) is one year but in warmer climates the disease cycle can be shortened to a matter of 
weeks.  The mild English climate together with climate change could result in a disease cycle 
of less than one year producing the severe disease levels seen in the last decade in this 
country.  Rain, fog or mist is necessary for the dispersal of conidia therefore such events can 
disperse conidia at any time of year as long as mature fruiting bodies are available.  The 
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subsequent infection process, which is more fully understood than the dispersal process, is 
also dependent on temperature and moisture. 
Timing and conditions that affect the infection process are fundamental to the epidemiology 
of the disease.  Such information can be used to, for example, target control measures more 
effectively, predict the extent of the disease in as yet uninfected areas, and predict the scale of 
the disease under future climate change scenarios.  Therefore a multi-year experiment was  
undertaken to i) determine if infection could occur year-round in England on Corsican pine ii) 
determine the extent of the infection at different times of year  iii) ascertain the main 
infection periods in England and iv) attempt to relate these to specific weather conditions. 
 
3.2 Materials and Methods 
3.2.1 Site and initial tree selection 
All experiments were carried out in an infected P. nigra Arnold subsp. laricio (Poir.) Maire 
(Corsican pine) stand in Alice Holt forest, Abbotts Wood, compartment 75B, planted in 2002 
(SU814398).  A weather station (Delta-T, Cambridge, UK) recording air temperature, 
rainfall, relative humidity, wind speed, wind direction, and photosynthetically active radiation 
(par) was set up in the stand and run for the duration of the experiment.  The experiment was 
repeated over two consecutive years (2010 and 2011) in order to allow a more robust 
interpretation of the link between weather and infection levels and to reduce the effects an 
atypical year may have had on the outcomes. 
Individual trees within the stand showed varying levels of infection thus two levels of 
infection were chosen for the study: low infection of 5-10% crown infection and high 
infection of 35-50% crown infection.  Crown infection was assessed as the amount of the live 
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crown displaying DNB symptoms.  Assessment was done to the nearest 5% by three 
independent assessors in the winter prior to the trials.  As D. septosporum infection begins 
and is more intense lower in the crown, two heights of branches were chosen for inclusion in 
the trials: one whorl at 90-125 cm, another at 150-185 cm, with at least 45 cm between each 
whorl on any individual tree.  Trees were also chosen to have a similar height. 
3.2.2 Assessment of infection with needle traps 
To quantify the infection levels occurring throughout the year ‘needle traps’ were used.  
These allowed quantification of the actual infection levels at particular times of year, as 
opposed to spore traps which measure inoculum loads.  Needle traps consisted of entire 
shoots of trees exposed to infection for a specific two week period only, with the degree of 
resulting infection assessed the following year once symptoms had developed.  To exclude 
infective propagules unflushed buds were enclosed in transparent polypropylene bags with 
filter strips (Microsac bags, 48.5 x 23 cm, 3 substrate filters on each side).  The filter strips 
were distributed evenly over the length of the bag and allowed gas exchange but no spore 
entry.  The buds and needles were allowed to develop into this protected environment and 
only exposed to any potential inoculum for a two week period before being returned to the 
bag.  This resulted in a time series of two week exposure periods for an entire year.  See 
Figure 3.1 and Figure 3.2 for a diagrammatic explanation and Appendix A and Appendix B 
for the specific exposure regime.  Due to the limited number of shoots on any individual tree 
the samples in each replicate were spread over three or four closely grouped trees with 
similar disease level, whorl height and total height.  A positive control, monitored but not 
bagged, and a negative control, bagged throughout the trial, were included in each replicate 
group.  Therefore six replicates, at each time period, of each of the following combinations 
were carried out: low whorl on high infection trees, high whorl on high infection trees, low 
whorl on low infection trees, and high whorl on low infection trees.  (See  
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Figure 3.1 Diagram of needle traps, first year trial.  1) March 2010, green = main 2009 side 
shoots, red = 2009 side shoots; 2) March 2010, red = 2009 side shoots, blue = buds for 2010 
growth; 3) March 30th 2010, side buds for 2010 growth removed leaving only main bud, 
breathable, transparent bag placed over shoot and secured with cable tie; 4) spring/summer 
2010 shoot elongates into bag, D. septosporum spores absent.  
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Figure 3.2 Exposure schedule for two theoretical shoots. 
 
Each shoot was bagged before bud burst making sure there were no previous years’ needles 
in the bag.  To prevent damage to the shoot the older needles were snipped off at the base of 
the fascicles with flame sterilized scissors.  Only the main bud was left for each side shoot, 
with the side buds broken out to reduce crowding and encourage growth of the main bud 
(Figure 3.1).  Bags were attached using releasable cable ties and oriented as vertically as 
possible by tying the bag up to higher branches in order to support the bag and prevent water 
running down into the bag along the shoot (see Figure 3.3).   
During the 2010 trial the shoot length and average needle length (of five needles) was 
measured upon exposure of each shoot; for positive controls this was done every two weeks 
to follow shoot and needle development.  This was to determine whether the physiological 
development stage of the needles had any influence on infection.  The extent to which the 
bags altered the environment the needles were exposed to was also examined by measuring 
the temperature and relative humidity.  This was done by suspending Tinytags (Gemini Data 
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Loggers, Chichister, UK) in a mesh holder from the top of the bag for four bagged shoots: 
low whorl on low infection tree, high whorl on low infection tree, low whorl on high 




Figure 3.3 Photos of bagged shoots and trial setup: a) exemplar tree with bagged shoots on low 
and high whorls; b) bagged bud just after bagging, before bud burst and needle extension; c) 
bagged shoot with needles extended c. four months after bagging.  
 
For the first year trial all shoots were protected in bags by April 12
th
 2010, well before bud 
burst. The exposure regime ran from April 6
th
 2010 to March 29
th
 2011, with final assessment 
of infection levels beginning in October 2011 and ending in March 2012.  The second year 
trial ran from May 3
rd
 2011 to March 27
th
 2012 with all shoots bagged by April 28
th
 2011, 
again before bud burst.  Final assessment of the second year trial began in September 2012 
and finished in December 2013.  
a b c 
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3.2.3 Disease assessment 
In the first year trial the rate of symptom development was studied.  From October 2010 to 
August 2011 the shoots were routinely assessed for symptom development while still in bags 
and attached to the trees.  Assessment comprised of the percentage of needles (0%, 1-25%, 
26-50%, 51-75%, 76-100%) in each of the following categories: no symptoms, chlorotic 
bands, brown bands, necrotic tips, fruit bodies visible. The degree of needle shed was also 
monitored.  This assessment served primarily to establish when the majority of initial 
symptoms had developed into fruit bodies which could be reliably attributed to DNB, 
therefore allowing final assessment of the trial. 
Final assessment of infection levels was carried out after symptoms and fruit bodies had time 
to develop fully, hence the delay after the end of the exposure regime.  Shoots were cut from 
the trees for laboratory assessment where each needle was examined for DNB infection.  For 
this assessment, the infected as well as the total number of needles was tallied.  Only needles 
with D. septosporum fruit bodies were classed as infected. 
3.2.4 Monitoring of inoculum loads with spore traps 
Volumetric and throughfall traps were set up to monitor inoculum load.  Burkard 7-day 
volumetric traps were used (Figure 3.4).  These sample air and any particles within it are 
impacted onto a tape mounted on a rotating drum.  The tape was coated in a petroleum jelly : 
paraffin wax mixture (25 : 2).  Preparation and changing of the drums was carried out 
following the suggestions of Lacey & West (2006).  The height of the trap orifices were 
matched to the height of the whorls in the needle trap experiment i.e. one at 110cm to match 
the 90-150cm whorl height, and one at 170cm to match the 150-185cm whorl height.  
Following sampling, the tape was cut into lengths corresponding to each day (24 hours), and 
each 24 hour section was then cut in half longitudinally to allow for both microscopic and 
molecular examination.  One half was placed on a microscope slide, mounted in 5% cotton 
Infection Timing of Dothistroma Needle Blight in England 
  78 
blue in lactic acid and covered with a large cover slip.  The other half was placed in a 
microcentrifuge tube and stored at -20°C.   A selection of slide mounted tape sections were 
assessed using a compound microscope.  A quantitative real-time PCR method was to be 
developed to assess the frozen sections as well as the thoroughfall traps (see section 3.4).  
Throughfall traps (Figure 3.4) sampled rainfall and rain splash passing through the canopy.  
Traps consisted of a 20 cm diameter Nalgene funnel with a mesh covering to prevent needles 
falling into the sample, held in a wooden A-frame leading to a Nalgene (c.750 ml) bottle. Ten 
throughfall traps were set up within the experimental area of the needle traps;  five under low 
infection trees (5-10% crown infection), five under high infection trees (35-50% crown 
infection).  The traps were located 40-50 cm from the trunk (i.e. midway to the edge of the 
tree canopy) on the northeast side of the tree (as predominant wind direction, and thus rain, is 
from the southwest).  Both volumetric and throughfall traps were collected weekly and 
coincided with the needle exposure regime.  The locations of the traps can be seen in  
 Figure 3.5. 
3.2.5 Statistical methods 
Genstat 13.1 was used to fit generalized linear mixed models to the data.  The exposure time, 
initial infection level of the tree, and whorl height were treated as fixed effects. 
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Figure 3.4 a) Burkard volumetric trap; b) Throughfall trap 
 
a b 
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 Figure 3.5 Map of Infection timing trial.  Numbers of needle trap trees indicate the replicate 
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3.3 Results  
3.3.1 Experimental conditions 
The trial was successful with under 1% of shoots failing to flush, relatively little shoot 
breakage, no human disturbance, and little colonization of the bagged shoots by other fungi 
that would be expected to thrive in the increased humidity and temperatures created within 
the bags.   
Temperatures in the bags were slightly warmer than outside.  Greater differences between 
ambient and bagged temperatures were seen during the middle of the day, whereas 
differences at night were minimal.  Temperatures were on average 0.7°C warmer in the bags 
but could be as much as 16°C warmer or 8°C cooler.  Relative humidity was very variable 
and was generally slightly higher in the bags than outside.   
3.3.2 Disease levels on needle traps 
The generalized linear mixed models identified significant main effects for all three factors 
(time of exposure, infection level of tree, whorl height) in both years of the trial, with no 
significant interactions between the factors.  In the first year time of exposure, tree infection 
level and whorl height were all highly significant (F statistic = 24.2, d.f. 25, 76, p-value < 
0.0001; F statistic = 108.48, d.f. 1, 76, p-value < 0.0001; F statistic = 18.46, d.f. 1, 76, p-value < 
0.0001, respectively).  In the second year time of exposure, tree infection level and whorl 
height were also all highly significant (F statistic = 4.27, d.f. 23, 70, p-value < 0.0001; F 
statistic = 57.78, d.f. 1, 70, p-value < 0.0001; F statistic = 19.83, d.f. 1, 70, p-value < 0.0001, 
respectively)  (Figure 3.6 and Figure 3.7).  The degree of infection was higher on shoots from 
trees classed as highly infected when compared to shoots from trees with low initial levels of 
infection.  The degree of infection was also higher on lower whorls compared to higher 
whorls.   In the 2010 season the maximum infection level for any two-week exposure period 
was 50% and 39%, lower whorl and upper whorl respectively, for the trees classed as highly 
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infected and 32% and 27%, lower whorl and upper whorl respectively, for the trees classed 
with low levels of infection.  In the 2011 season the maximum infection level for any two-
week exposure period was 27% and 14%, lower whorl and upper whorl respectively, for the 
trees classed as highly infected, and 14% and 8%, lower whorl and upper whorl respectively, 
for the trees classed with low levels of infection. 
All needles from the positive controls became infected (100%) whereas no needles from the 








On the following pages: 
Figure 3.6 The percentage of infected needles on shoots exposed at two week intervals 
throughout the year and the predicted percentage of infected needles from the generalized 
linear mixed models for the 2010 season. The x-axis displays the date each two week exposure 
period commenced.  
Figure 3.7 The percentage of infected needles on shoots exposed at two week intervals 
throughout the year and the predicted percentage of infected needles from the generalized 
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3.3.3 The 2010 season 
The 2010 season (Figure 3.6 and Figure 3.9) was much more conducive to infection than the 
2011 season (Figure 3.7 and Figure 3.10) with infection levels higher in all treatments. 
Progression of needle development was measured on positive control shoots in 2010 (Figure 
3.8).  When this is compared with the degree of infection (Figure 3.6) it can be seen that no 
infection occurred very early in the season (i.e. April and early May) as this was before 
needles flushed and therefore no current year’s foliage was available for infection.  Needles 
had broken through their fascicle sheaths by the 1
st
 of June 2010 and infection was first seen 
in this exposure period and reached high levels at the end of June, when needles were only c. 
40% of their final length.  When this was averaged over all treatments 21% of needles were 
infected at the end of June (Figure 3.9). 
High infection levels continued throughout July and into early August (20-30%) dropping in 
late August and early September (14%).  However, a second, clear high peak in infection 
levels occurs at the end of September (35%) with further small peaks at the beginning of 
January (6%) and mid-February (3%). Close monitoring of the stand revealed abundant 
advanced acervuli present on current year’s needles by September.  Conidia from these 
acervuli were confirmed as viable in September 2010. 
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Figure 3.9 Mean infection levels across all treatments, with temperature averages and 
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Figure 3.10 Mean infection levels across all treatments, with temperature averages and 
precipitation sums over the two week exposure periods for 2011 needles 
 
3.3.4 The 2011 season 
The infection levels in 2011 were much lower than those in 2010 (Figure 3.9 and Figure 
3.10).  Infection levels still rose to an initial peak by the end of June with an average of 12% 
of needles infected over all treatments, but infection levels were considerably lower than in 
2010.  Infection was again seen during the exposure period when needles flushed, the week 
of 17
th
 of May 2011.  Infection levels dipped from the second half of July (8-9%) but peaked 
again in the first half of August (13%).  In 2011 a peak appeared in early October (10%), 
whereas in 2010 a similar peak occured in late September. When compared by equivalent 
two-week exposure periods, the 2011 peak occured in the exposure period following that of 
the 2010 peak.  Further small peaks occured throughout the remainder of the season and were 
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months infection still occurred and its levels are roughly comparable to that of the previous 
year, i.e. around 5 or 10% (Figure 3.9 and Figure 3.10).  Therefore, as with the 2010 trial, 
results showed that infection occurred throughout the year, once needles emerged from their 
fascicle sheaths, not only during the spring and summer months.   
 
 
3.3.5 Weather conditions 
Examination of weather data revealed how specific weather parameters influenced the 
pathogen and resulting disease.  Rainfall was a key driver of the disease with most peaks in 
infection levels coinciding with periods of high rainfall (Figure 3.9 and Figure 3.10).  
However, precipitation was not the only driving factor, as can be seen from inspection of the 
same figures, which show that although 2011 was wetter than 2010, infection was greater in 
2010.  Temperature was also crucial, is likely to affect acervuli development and appeared to 
be the other major influencing factor.  A critical period for influencing disease levels was at 
the beginning of the infection cycle, when needles were flushing and acervuli maturing. 
During this period, beginning in mid-May, temperatures were on average 2°C lower in 2011 
than in 2010 (Table 3.1).  A peak in average temperature during the last week of July and first 
week of August 2011 may also have promoted acervuli and conidia development leading to 
an increase in infection the following exposure period (see Figure 3.10).  This warm period 
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Table 3.1 Comparison of the mean temperatures in May and June 2010 and 2011. 










04-May 8.1 12.0 -3.9 
18-May 14.2 12.1 2.2 
01-Jun 15.1 13.0 2.2 
15-Jun 16.1 14.7 1.4 
29-Jun 18.0 14.6 3.5 




3.3.6 Inoculum loads on spore traps 
Microscopic examination of the volumetric trap tapes proved extremely time consuming and 
unreliable, as many spores were difficult to ascribe to D. septosporum with certainty.  
Nevertheless, 10 days’ worth of tapes from the low trap were examined. Days with rainfall in 
late June and July 2010 were chosen.  Only one spore was deemed to be D. septosporum with 
a reasonable level of confidence.  All other spores with D. septosporum conidium 
morphology could not be reliably identified, although many were thought to be Fusarium 
spp.  No throughfall traps were assessed due to the lack of development of a qualitative real 
time PCR method to quantify the number of D. septosporum spores in a sample (see section 
3.4). 
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3.4 Discussion 
This work confirmed a number of suspected factors relating to the timing of infection of D. 
septosporum yet also challenged some previous assumptions.  For instance, the peak infection 
period is the spring and summer, coinciding with conducive weather conditions.  However, at 
least two life cycles of the pathogen are likely to occur per year in Britain, contradicting 
previously held beliefs.  Furthermore, this study showed that only needles and not buds 
harbour the pathogen.  
An overall appraisal of the experiment confirmed what is known about the spread of spores 
and the resulting disease.  More extensive infection on shoots from trees classed as highly 
infected when compared to shoots from trees with low initial levels of infection suggests that 
movement of spores (and subsequent infection) is more efficient within trees than between 
trees.  This is expected given spore dispersal is predominantly via rain splash (Gibson, 
Christensen & Munga, 1964).  The effect of host genotype is considered negligible as all 
trees were planted at the same time and would be from the same nursery and seed lot.  
However, the microclimate of each tree may be a factor in which trees have higher levels of 
infection.  As conidia are predominantly rain splash dispersed, higher amounts of infection on 
lower whorls than on higher whorls is unsurprising, as the effect of gravity dominates the 
dispersal process.  Additionally the microclimate of the lower whorls is likely to be slightly 
more conducive to infection than the microclimate of the upper whorls, as both wind and 
solar radiation (through shading) would be reduced lower in the crown leading to reduced 
evaporation and increased surface wetness, which supports conidial germination and 
infection.  The slightly increased temperatures in the bags may have hastened symptom 
development on bagged needles but levels of infection are unlikely to have been greatly 
affected. 
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Spores must land directly onto live needles for infection to occur as no infection occurred on 
shoots that had been exposed to inoculum before bud burst.  As the buds had been protected 
from inoculum (i.e. bagged) for a number of weeks before and after exposure, it demonstrates 
that conidia cannot remain ‘dormant’ on the bud and infect the newly emerging foliage.  This 
behaviour results in no infection of current year needles in early spring, before bud burst, 
nevertheless older needles are available for infection at this time which may also help explain 
why greater infection is generally observed on older needles than on younger needles 
(Gadgil, 1974; Brown & Webber, 2008).   
Peak infection occured in the two months after needles emerged from the fascicle sheaths, 
before they had reached half their final length, which helps explain the observation by 
Peterson (1967)* that more DNB lesions are found towards the distal ends of first year 
needles.  The results of this study suggest that this pattern is due to conditions conducive to 
infection and the presence of many spores early in the season, when only the needle tips are 
available for infection.  Later in the season the needle bases are present but either conditions 
are less conducive to infection, fewer spores are present, or both.  The needle tips are also 
exposed for longer, as needles grow from the base.  By the time the needles reach their 
second year Dothistroma lesions are as numerous near the base as near the tips (Peterson, 
1967*) as the entire length of the needle has been exposed to inoculum for a second season.   
One of the most striking symptoms of DNB is premature defoliation with many highly 
infected stands in England only holding one or two-years’ worth of needles.  This is 
exemplified by the ‘lion’s tail’ symptom observed in this trial, clearest just before needle 
flush, when only the previous season’s, highly infected and necrotic needles are present 
(Figure 3.11). These infected needles are then cast in the late summer.  The start of heavy 
needle drop varies slightly from year to year but practically no previous years’ needles 
remain on the tree by the end of August. This accounts for the drop in infection levels during 
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August 2010 and also in July 2011, as needle drop was noted to be slightly earlier in 2011.  
The inoculum source had been cast from the tree and was on the ground, from where the rain 
splash dispersed conidia were much less able to reach new foliage. 
 
Figure 3.11 Examples of ‘lion’s tail’ DNB symptoms: a) photo late August 2012 Abbotts Wood; 
b) photo early July 2012 Breckles Grange, Thetford.  
 
The second main infection peak in late September 2010 was due to inoculum being produced 
from current year’s needles infected earlier in the current season.  An analogous, but smaller, 
peak occured in early October 2011, also likely to have been caused by conidia from acervuli 
on current year’s needles. The lower temperatures could have slightly delayed fruit body 
development in 2011, hence the later peak.  Late summer production of acervuli on current 
year’s needles in temperate regions has been reported occasionally.  Extensive studies over 
five years in Nebraska, USA did not find conidia in acervuli on current year’s foliage until 
the May following infection (Peterson, 1973*; Peterson & Walla, 1978*).  Although Peterson 
& Walla (1978)* were working with P. nigra and P. ponderosa they were most probably 
working with D. pini not D. septosporum.  Spore trapping data from these studies (Peterson, 
1967*) are difficult to interpret but show high levels of conidia trapped in June and July with 
very low levels detected after mid-August.  This is consistent with the gradual casting of 
a b 
Infection Timing of Dothistroma Needle Blight in England 
  93 
infected needles in the summer (Peterson, 1967*) and no conidial production on current 
year’s foliage until the following spring (Peterson, 1967*).  The variation in number of 
conidia recorded during the spring and summer period reflect similar variation in the 
infection levels found in the current study (Figure 3.6 and Figure 3.7).   However, Peterson & 
Harvey (1976), working with D. septosporum infection of P. contorta var. contorta in 
Oregon, USA, did report the presence of conidia in acervuli on current year’s needles in mid-
August.  Close inspection of Peterson & Harvey's (1976) spore trap data reveals a peak in 
conidia in September, after a decrease in August from a peak in June.  This pattern is very 
similar to the trend in the current study of infection levels at these times of year in England.  
Furthermore, Shishkina & Tsanava (1966b) reported that conidia can be observed on current 
year’s needles of P. brutia  var. pithyusa as early as July in Georgia.   
In New Zealand Gilmour (1981) assessed infection levels of P. radiata at various time 
periods in a study similar to the current one.  In two out of the three years of the study two 
distinct infection peaks occurred: one in late spring/early summer (December/January or the 
northern hemisphere equivalent (nhe) of June/July), and a smaller peak in late summer/early 
autumn (late March/early April or the nhe of late September/early October).  These timings 
precisely match the peaks seen in this English study.  The peaks are c. three months apart in 
both studies, indicating that the length of time from infection to spore production is similar in 
both countries in years with ideal conditions for D. septosporum.  The cycle of disease 
progression is also very similar in New Zealand, with advanced symptoms seen on current 
years’ foliage by March (nhe September) (L. Bulman, pers. comm.).  If these symptoms are 
able to progress quickly to sporulating acervuli they would explain the secondary infection 
peak in late March/early April (nhe late September/early October) reported by Gilmour 
(1981).  In New Zealand needle elongation ceases in February (nhe. August) and very few 
previous years needles remain on the tree by March (nhe. September) (L. Bulman, pers. 
comm.).  The same pattern was found in England, where needle elongation was complete by 
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the end of August (Figure 3.8) and practically no previous years’ needles remained on the 
tree by this time.  Thus, the drop in infection levels in both New Zealand and England in mid- 
to late-summer resulted from reduced inoculum availability caused by shedding of previous 
years needles.  The increase in infection in late summer to early autumn was due to increased 
inoculum from infection on current year’s needles.  In Chile, Rack (1986) described two 
peaks in levels of spore production: the largest one in the summer (at the end of 
January/beginning of February or the nhe of the end of July/beginning of August), with a 
secondary peak in the late autumn (May/June or the nhe of November/December).  These 
peaks were slightly later in the season than the peaks reported in any of the other studies and 
were also slightly further apart (four months).  This effect is most likely due to the particular 
climatic conditions of the study area, but also suggests a similar pattern to the one described 
above.   
In the current study small infection peaks occured throughout the autumn and winter, raising 
the possibility of multiple infection cycles taking place throughout the year. The shortest 
cycle appeared to be c. 12 weeks (from infection occurring at the end of June to developing 
acervuli that caused infection in late September).  The cycle length appeared to increase as 
infection occured later in the year, with lower temperatures possibly slowing development.  
These longer cycles may be the cause of small infection peaks in January and February.  
Numerous infection cycles per year cannot be confirmed from the present data although it 
was clear that at least two cycles can occur.  This is contrary to the common view of a one-
year life cycle in northern temperate climates.  Murray & Batko (1962), who conducted the 
first work on the disease in Britain in the 1950s during the initial outbreak, specifically 
mentioned a one-year life cycle and noted that conidia were produced only the spring after 
infection.  This current work clearly challenges the conclusions of Murray & Batko (1962); 
however, how long two disease cycles per year have been occurring is unknown.  Whether 
this is a consequence of climate change producing more suitable weather conditions or purely 
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a result of drastically increased inoculum load is also unknown.  Nevertheless the mild 
English climate is clearly highly suitable for D. septosporum spore production, dispersal, and 
infection, and this suitability may increase with the effects of climate change.  The 
occurrence of conditions conducive to infection year-round may be relevant as even if 
suitability for infection during the main infection period (spring and summer) is reduced, 
leading to lower infection levels during this period, the overall infection levels and impact of 
the disease could remain the same, or possibly increase, due to the increased infection levels 
during the autumn and winter period. 
Year round infection, or at least late season infection, has been alluded to by other workers.  
Peterson (1973)*, working with fungicides to prevent infection as opposed to the bags used in 
the current study, mentioned significant infection taking place after the end of August.  For 
example, by August 24
th
 1967 only 54% of the current year needles were infected, whereas 
by the end of the season 100% were infected.   Furthermore, by August 21
st
 1968 no current 
year needles had been infected, yet by the end of the year symptoms were seen on 42% of the 
needles.  This observation is regardless of the fact that his spore trapping data showed very 
few conidia present after the end of August in other years.  Karadžić (1989b) also reported 
limited infection outside of the main spring and summer infection period.  He reported just 
below 3% of needles of saplings becoming infected when exposed in March, and c. 4% in 
October.  These amounts are broadly comparable to this present study.  Moreover, Gilmour 
(1981) explicitly reported year round infection from a similar two week exposure experiment 
when the seedlings were subjected to ideal conditions for DNB development following the 
exposure period in the field.   While Rack (1986), working in Chile, and Cobb, Uhrenholdt & 
Murray (1968) and Cobb, Uhrenholdt & Drohn (1969), working in California, each reported 
trapping spores year round, which suggests that infection may be possible throughout the year 
at these locations as well, although climatic differences must be taken into account when 
interpreting the studies and comparing them to the English situation. 
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The difference in amounts of infection seen in the 2010 and 2011 seasons highlights the year 
to year variation that can occur in infection levels.  Large variation in infection levels 
between years has also been reported from New Zealand in similar infection timing 
experiments (Gilmour, 1981).  The 2010 infection trends illustrated DNB behaviour in a year 
ideal for the disease: a broad infection peak throughout the late spring and summer with a dip 
in late August due to shedding of the previous year’s needles at this time.  Conditions seem to 
have been highly suitable for spore dispersal and infection throughout the whole of the main 
infective season.  Comparatively, 2011 was a poor year for the disease, with infection trends 
during the main infection period, June to September, being governed by the particular 
weather conditions during a specific exposure period. 
The two main weather variables affecting the intensity of the disease are rainfall and 
temperature, acting together, with each varying in relative importance depending on the time 
of year. Rainfall is critical to the dispersal of conidia and in this study peaks in infection 
coincided with periods of high rainfall.  This pattern supports other studies which report the 
trapping of conidia on slides during periods of rain, whereas they are rarely trapped during 
periods of no rain (Gibson, Christensen & Munga, 1964; Peterson, 1967, 1973*; Peterson & 
Harvey, 1976).  Infection studies carried out by Gilmour (1981) in New Zealand also showed 
that peaks in infection levels coincided with periods of rainfall with very low, or no, infection 
occurring during rainless periods.  Other studies noted a clear link between high infection 
levels and high levels of precipitation during the summer (Rogerson, 1954; Murray & Batko, 
1962; Gibson, Christensen & Munga, 1964; Zlatanov, 1977; Archibald & Brown, 2007; 
Bulman, Ganley & Dick, 2008).  In fact Woods, Coates & Hamann (2005) suggest the 
outbreaks of DNB in northwest Canada were directly due to increased summer precipitation 
caused by climate change.   
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Precipitation interacts with temperature to affect the disease.  It is posited that warm 
temperatures from mid-May 2010 promoted acervuli development and spore production 
during that spring to such an extent that the large inoculum load was able to cause 
considerable infection irrespective of rainfall patterns in July.  Even low amounts of rain 
were able to spread sufficient conidia to produce high infection levels.  Conversely, low 
temperatures during May and into June 2011 retarded acervuli development early in the 
season.  Thus, low levels of conidia resulted in low levels of infection when compared to the 
previous year even though rainfall was sufficient for dispersal.  Such a pattern of influential 
early temperatures was also seen by Peterson & Harvey (1976) in Oregon, USA who stated 
trapping conidia in April 1972 but not in April 1973.  They reported the average temperature 
of the last two weeks of April as 8.2 and 6.6°C in 1972 and 1973 respectively, with total 
rainfall as 81 mm and 67 mm, 1972 and 1973 respectively.  Such an amount of rainfall would 
be adequate to disperse conidia in both years, yet the lower temperature (1.6°C lower) in 
1973 may have retarded acervuli development, limiting availability of conidia. Unfortunately, 
Peterson & Harvey (1976) do not report temperatures for the first two weeks of April or for 
March.  In addition, Gilmour (1981) demonstrated the importance of temperature on the 
development of infection points into fruit bodies (the so called ‘pre-reproductive period’).  
This period was shortest for seedlings exposed to infection during the warmest months, with 
infections occurring in late spring and summer developing into acervuli faster than those 
occurring in winter.  In fact acervuli developed in less than half the time (6 weeks) when 
infections occurred in late spring with more warm months ahead when compared to 
infections that occurred in early winter (15 – 16 weeks) with more cold months ahead.   
This study demonstrated that D. septosporum infection occurs throughout the year at low 
levels, with a main late spring/early summer infection period and also a secondary infection 
period in the late summer/early autumn.  Both periods were highly variable in intensity from 
year to year, probably as a result of the weather conditions of the particular year.  
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Considerable variation in infection levels due to yearly differences in weather is well 
supported (Peterson, 1973*) and has been seen with D. septosporum infection in New 
Zealand (Gilmour, 1981).  Yet relating the degree of infection to specific weather conditions 
is problematic.  Degree of infection is dependent on inoculum load, which can vary greatly.  
This effect was seen most clearly in the 2010 results where almost total defoliation of 
inoculum producing needles by the end of August drastically reduced the available inoculum, 
and therefore infection levels, even though conditions for infection remained suitable.  The 
development of a quantitative real time PCR method able to quantify the number of D. 
septosporum spores in a sample would allow direct comparison of inoculum loads with 
weather conditions and resulting infection levels in any two week exposure period.  This 
method would complement data already produced and allow testing of some of the concepts 
presented.  The method is under development in collaboration with DNB colleagues from 
New Zealand and the Czech Republic. 
The design of the experiment also complicated the attribution of specific weather conditions 
to infection levels.  Shoots were protected from spores by breathable bags which were 
removed during the exposure period and replaced when the exposure period ended.  Any 
spores arriving on the needles during the exposure period could have infected immediately.  
Alternatively they could have infected the following week or month when conditions were 
more suitable.  Conidia can remain viable for many months (Gadgil, 1970) and have been 
shown to be resistant to desiccation as long as they have not germinated (Peterson & Walla, 
1978*).  The bags would have protected the spores from being washed off or otherwise 
dislodged.  Therefore the trial more accurately measured the two week period during which 
spores arrive on a needle and subsequently lead to infection.  Nonetheless, conidia are able to 
germinate over a wide range of temperatures (5 - 30°C) as long as moisture is available or 
humidity is high.  However, germinated conidia are not resilient to desiccation (Peterson & 
Walla, 1978*) and must therefore quickly penetrate stomata or die.  Given the spread of 
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conidia in rain splash it is likely that most conidia would germinate, and thus infect, soon 
after arriving on the needle. 
This work highlighted the disease drivers required for infection and disease development.  
Firstly inoculum must be present.  The production of inoculum is driven chiefly by 
temperature, with warm temperatures promoting acervuli development.  Warm temperatures 
are influential primarily in the spring by promoting acervuli development in previous years’ 
needles.  This process coincides with needle flushing, which is also promoted by the 
increasing spring temperatures.  Water availability is also a factor in acervuli development 
but is not limiting at this time of year.  Thereby the pathogen is somewhat synchronized with 
the host by producing spores when fresh host material is developing.  Warm temperatures can 
also promote acervuli development in current year’s foliage in the late summer and autumn.  
Once inoculum is produced the key to its effective dispersal is rainfall.  Conidia are 
dispersed, and thus infection is highest, during periods of rainfall.  Ideally needles should be 
attached to the tree for effective dispersal of conidia, as although fallen needles can still act as 
sources of inoculum, dispersal from ground level to new foliage in the canopy is limited.  
Hence inoculum load (and therefore infection) is reduced during the period of intense late 
summer needle cast.  Once inoculum is effectively dispersed it must infect the host, with the 
temperature and moisture requirements for D. septosporum conidia germination and growth 
being similar to those required for inoculum production and spread. 
The results presented here could usefully influence the timing of forest management 
operations in infected stands.  Operations that reduce the suitability of the stand microclimate 
for D. septosporum infection and reduce inoculum should be carried out before the main 
infective peaks.  Therefore, thinning, pruning, and brashing should be carried out in the 
winter and early spring in order to be most effective.  If they are carried out in the summer 
and early autumn the majority of new foliage will already have been infected, leading to only 
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small shifts in disease levels the following year.  Conversely fungicide spraying should be 
carried out during, or just before, the main infective peaks in order to be most effective.  
Copper fungicides have been shown to be effective against D. septosporum (Bulman, Gadgil, 
Kershaw, et al., 2004).  They have both a protectant and eradicant role; i.e. they protect 
foliage from infection by killing conidia as well as reducing conidial production by fruit 
bodies (Hocking, 1967; Bulman, Ganley & Dick, 2008).  Thus, a spray just after new foliage 
emerges would both protect the new foliage and limit viable conidia production from 
previous years’ foliage.  A second spray could be applied to limit infection from the second 
seasonal flush of acervuli (on current year’s needles) in the autumn, but in most cases two 
sprays per year are not economically feasible.  
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Chapter 4  The Effect of Dothistroma Needle Blight on Needle 
and Shoot Lengths 
4.1 Introduction 
The foliage of pine trees is one of the most recognizable features of the genus Pinus.  Its 
characteristic needles are held in fascicles in groups of two, three or five, and occasionally 
one or eight (Farjon & Styles, 1997).  These needles, and the shoots they are held on, are 
indicative of the health of the tree.  A tree with robust shoot growth and long, lush green 
needles is likely to be growing in a suitable location and in good health.  The precise hue, 
length and number of needles and shoots will depend on the species and provenance of the 
tree, and the site conditions (e.g. climate, soil) among other things.   
The development of long shoots (shoots that develop into branches) and short shoots 
(fascicles) is influenced by many variables.  Shoot development can be ‘free’, where new 
stem units (a unit of the internode and nodal appendages including fascicles, lateral buds and 
sterile scales) are formed in the meristems and elongate simultaneously (Lanner, 1976). 
Alternatively, growth can be ‘fixed’ where pre-formed stem units undergo elongation after a 
rest period (Lanner, 1976).  Variations of these two basic development patterns are so readily 
found that, in effect, they form a continuum with free and fixed growth at opposite ends of 
the spectrum (Lanner, 1976).  Many north temperate pines (including P. nigra and P. 
sylvestris) have a primarily fixed mode of shoot development with stem units being laid down 
one year as winter buds and elongating the next year as spring shoots (Lanner, 1976). Thus 
both conditions during the year of formation and those during the year of elongation will 
have an effect on final shoot and needle length and number (Cannell, Thompson & Lines, 
1976; Lanner, 1976).  Therefore it is possible to use measurements of these shoot variables to 
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investigate the impacts of stress and growth promotion factors not only in the year of 
elongation, but also in prior years.  Among the many recognized factors that influence shoot 
lengths and numbers (both long and short shoots) are water availability (Lotan & Zahner, 
1963; Garrett & Zahner, 1973; Raison, Myers & Benson, 1992), mineral and nutrient 
availability and fertilizing regimes (Brix & Ebell, 1969; Weetman & Algar, 1974; Leaf, 
Wittwer & Bickelhaupt, 1975; Raison, Myers & Benson, 1992; Tang, Chambers, Guddanti, et 
al., 1999), heavy fruiting years (Tappeiner, 1969; Cremer, 1992), temperature (Cannell, 
Thompson & Lines, 1976; Junttila & Heide, 1981; Tang, Chambers, Guddanti, et al., 1999), 
thinning regimes (Yang, 1998; Tang, Chambers, Guddanti, et al., 1999), and root damage 
(Jokela, Palomäki, Huttunen, et al., 1996). 
It is known that dothistroma needle blight (DNB) can have severe effects on growth and yield 
of infected trees.  Most research has focused on the effects of the disease on the volume of 
the main stem, i.e. the impact on radial growth and height.  Yet these effects are reflections of 
the long term state of the trees’ foliage, as it is the foliage that ultimately provides the 
carbohydrate source for woody growth.  In established trees (i.e. those over c. 4 years old) 
infection begins on older needles (Gadgil, 1974; Brown & Webber, 2008).  Evidence 
suggests that older needles are less photosynthetically active than young needles, being much 
less efficient in CO2 assimilation than new needles (Freeland, 1952; Kulman, 1965; Gibson, 
1972). As healthy pines normally retain their needles for a number of years new needles will 
contribute photosynthate for all of these years, whereas older needles will have already made 
the bulk of their contribution and will only contribute for another year or two before they are 
shed (Kulman, 1965).  Therefore low levels of DNB infection, that mainly affect older 
needles which contribute less photosynthate for a shorter period of time, have a lower impact 
on growth of trees than high levels of infection, which also affect newer needles (Gibson, 
1972).  Once infection begins to affect newer foliage significantly the impacts on growth 
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become apparent (Gibson, 1972).  Numerous studies have shown that when over 25% of 
needles become infected impact on growth is significant (Christensen & Gibson, 1964; 
Hocking & Etheridge, 1967; Whyte, 1969). Van der Pas (1981) found a proportional 
relationship between the disease level (percent of foliage infected) and volume loss, so that, 
for example, an average disease level of 50% resulted in a volume loss of 50% after three 
years.  This finding was supported by Old & Dudzinski (1999) who found a similar 
relationship where for every 1% loss of needles between 25% and 75% they found a 1% loss 
of volume.  Furthermore, if over 75% of needles are affected diameter increment practically 
stops (Christensen & Gibson, 1964) and where continuous high levels of infection occur tree 
death can follow, with mortality in some stands of over 90% (Lorenz, 1970).   
These dramatic consequences are the result of the effect of D. septosporum on foliage as the 
primary impact of infection is needle necrosis and subsequent premature defoliation 
(Karadžić, 1989b; Brown & Webber, 2008).  The effect of necrosis on loss of photosynthetic 
capacity is rapid; as soon as necrosis reduces live needle volume, photosynthesis drops.  The 
effect of premature defoliation is also fairly rapid, as soon as the needles drop (if not before) 
productivity of the needles ceases.  This straightforward impact of D. septosporum infection 
on photosynthetic capacity helps explain the reduction in growth and yield of infected trees 
outlined above.  One unanswered question is whether needle necrosis and premature 
defoliation alone directly account for all of the reductions in growth seen in stands affected 
by DNB?  Anecdotal evidence suggests that trees subjected to high levels of D. septosporum 
infection for consecutive years have shorter needles than trees with no or low levels of 
infection.  If true, this could supplement the direct effect of needle necrosis and premature 
defoliation, leading to an additional reduction in the overall photosynthetic ability of the 
trees.  Thus this experiment aimed to assess the impact of multi-year D. septosporum 
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infection on long and short shoot variables:  i) needle length ii) shoot length iii) total number 
of needles per shoot and iv) fascicle density.    
4.2 Materials and Methods 
4.2.1 Experimental design 
The experiment was carried out in an infected P. nigra subsp. laricio (Corsican pine) stand in 
Alice Holt forest, Abbotts Wood, compartment 75B, planted in 2002 (SU814398).  The 
design mirrored that of the timing of infection experiment described in section 3.2.1.  The 
severity of D. septosporum infection of the trees was assessed in winter and two levels were 
chosen: low infection (5-10% crown infection) and high infection (30-55% crown infection).  
As the height of the branch in the crown has a clear effect on needle and shoot length, two 
branch heights were chosen: one whorl at 90-125 cm, another at 150-185 cm with at least 45 
cm between each whorl on an individual tree.  Thirty-nine high infection trees and thirty-six 
low infection trees were sampled.  From each tree eleven to fourteen side apical shoots were 
assessed per whorl height (see Figure 3.1 for shoot location description).  The length of each 
shoot was measured, along with five randomly selected needles to obtain an average needle 
length for each shoot.  Needles and shoots were measured to the nearest millimetre. The total 
number of needles on each shoot was also counted.  Measurements were carried out one year 
after the end of the growing season to ensure maximum needle and shoot extension was 
achieved, with the experiment being carried out over two consecutive years.  Therefore 2010 
growth (needles and shoots) was measured in 2011, and 2011 growth was measured in 2012.  
4.2.2 Statistical methods  
Analysis was carried out in Genstat 13.1. A Restricted Maximum Likelihood (REML) model 
was fitted to the data with infection level and whorl height treated as fixed effects.  The year 
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of growth and the tree the growth came from were treated as random effects.  A better model 
fit was achieved with a square root transformation of the needle and shoot length data, and a 
log transformation of the total number of needles per shoot and fascicle density data.  In all 
cases the simplest model was used. 
4.3 Results 
Both infection level and whorl height had a significant effect on needle length, as shown in 
Figure 4.1, (F statistic = 4.39, d.f. 1, 74.2, p-value = 0.040; F statistic = 501.28, d.f. 1, 1241.9, p-
value < 0.001, respectively).  Furthermore, infection level and whorl height acted 
independently of each other and had an additive effect.  The model predicts that trees with 
high levels of infection have needles 6.47 and 7.06 mm (lower whorl and upper whorl, 
respectively) shorter than trees with low levels of infection.  This is a 7.86% and 7.23% 
reduction in needle length for lower and upper shoots respectively. 
 
Figure 4.1 Predicted means and standard errors of needle lengths from the REML model. 
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Shoot length was also significantly affected by whorl height (F statistic = 887.24, d.f. 1, 1386.8, 
p-value < 0.001), but not by infection level (F statistic = 2.08, d.f. 1, 74.7, p-value = 0.154), 
with a significant interaction between the two fixed effect terms (infection level and shoot 
height) (F statistic = 12.42, d.f. 1, 1386.1, p-value < 0.001).  Fisher’s unprotected least 
significant difference test on the means showed that the shoot lengths from the lower whorls 
of high infection trees were not significantly different from lower whorls of low infection 
trees, whereas shoot lengths from higher whorls were significantly different between the 
infection levels (see Figure 4.2). 
 
Figure 4.2 Predicted means and standard errors of shoot lengths from the REML model.  
Letters indicate significance groupings from Fisher’s unprotected least significant difference 
test: means with different letters are significantly different from each other (least squares 
means, α = 0.05).  
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significantly affected the total number of needles per shoot (F statistic = 851.47, d.f. 1, 1360.7, 
p-value < 0.001) with a significant interaction between whorl height and infection level (F 
statistic = 12.02, d.f. 1, 1360.8, p-value < 0.001).  Again, Fisher’s unprotected least significant 
differences test on the means revealed that the total number of needles per shoot was not 
affected by infection level on lower whorls whereas it was on upper whorls, just as it was for 
shoot length.  
Fascicle density (the number of fascicles per millimetre of shoot) was affected only by whorl 
height (F statistic = 46.31, d.f. 1, 1356.7, p-value < 0.001) and not by infection level (F statistic 
= 0.09, d.f. 1, 74.1, p-value = 0.761) with higher fascicle density on lower whorls. 
 
4.4 Discussion 
The data confirmed that trees with high levels of D. septosporum infection produce 
significantly shorter needles than trees with low levels of infection, probably resulting from 
the direct effect of D. septosporum infection on photosynthetic ability, i.e. necrosis and 
premature defoliation which reduce photosynthesizing area.  This reduction of total 
photosynthate in one year reduces energy sources for needle growth in following years.  
Moreover, the reduction in needle length will further reduce photosynthesizing leaf area 
leading to further decreases in available energy sources.  This cumulative effect of D. 
septosporum on foliage (necrosis, premature defoliation, and reduction in needle length) 
explains the dramatic loss of volume in affected stands.  A lag between the  progress of the 
disease (or the resulting severe defoliation) and growth response has been observed by both 
Gibson, Christensen & Munga (1964) and Van der Pas (1981).  Van der Pas (1981) suggested 
this effect may be due to the reduction in photosynthetic capacity from defoliation combined 
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with a reduction in photosynthates translocated to the roots.  This study provided a likely 
third cause – reduction in photosynthetic capacity from reduced needle lengths in the years 
following infection of the crown.   
Fritts, Smith & Stokes (1965) found a positive correlation between average needle length and 
the size of annual growth rings, a measure of tree vigour, with both variables also being 
correlated with precipitation and temperature.  Growth rings were not measured in this study 
but other studies in Britain have shown that high levels of DNB infection greatly reduce the 
size of annual growth rings (R. Baden, pers. comm., unpublished data) which is a result of the 
cumulative effect of shorter needles, premature defoliation and necrosis.  The height of the 
whorl also significantly influenced needle lengths, with longer needles higher in the crown, 
supporting previous observations of healthy trees by both Lotan & Zahner (1963) and Raison, 
Myers & Benson (1992). 
Gonda (1998) demonstrated that needle length can be used as an indicator of site quality and 
future growth (tree height) of P. ponderosa in Argentina.  McDonald, Skinner & Fiddler 
(1992) also suggested that needle length was an indicator of future growth and long term 
effectiveness of release from competition.  They applied various chemical and manual 
vegetation control treatments to P. ponderosa stands in California and demonstrated that 
needle lengths were positively correlated with tree height and diameter for two to seven years 
after the treatment was applied.  Assessment stopped after seven years but it was proposed 
that effects may continue even longer.  Yang (1998) corroborated that needle length was a 
reliable predictor of stand volume growth.  Working with various thinning treatments he 
demonstrated a response of needle length to thinning two and three years after treatment 
(after which assessment ceased).  Treatments which would ‘release’ the stand from the effects 
of DNB are currently being trialled in Great Britain (e.g. thinning, respacing, and fungicidal 
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control).  These treatments aim to reduce infection to levels deemed to have a negligible 
effect on growth (i.e. under 25% of foliage infected).  The present evidence that DNB reduces 
needle length, in conjunction with the studies demonstrating the long term implications of 
needle length on growth suggest that even if these measures are successful in reducing 
infection, growth of the stand is unlikely to attain pre-infection levels, or levels of 
comparable non-infected stands, for a number of years after the treatment.  Thus the 
reduction in needle length due to DNB can be expected to cause a long term reduction in the 
growth of a stand even if infection levels are subsequently reduced to levels thought to have a 
minimal effect on growth and the rapid effects of necrosis and premature defoliation are 
reduced to a negligible level. 
The effects of DNB on shoot length are less clear.  Shoot lengths were predominantly 
influenced by the height of the whorl on which they occurred; shoots were longer higher in 
the tree.  This same pattern was described by O’Neil (1962) and Tang, Chambers, Guddanti, 
et al. (1999) who found shoot lengths of healthy trees varied significantly according to the 
height of the whorl on which they were found, with longer shoots higher in the crown. The 
level of infection had no influence on shoot lengths of lower whorls which is probably 
because they were at the base of the crown and governed mainly by the hormonal effects of 
senescence.  However, infection level affected shoot length higher in the crown, with shoots 
being shorter on trees with high infection levels.  These upper whorls were in the top half of 
the crown, usually only two or three whorls from the top of the tree.  These results are similar 
to those reported by Lotan & Zahner (1963) and Garrett & Zahner (1973) who were 
examining the effects of water supply on P. resinosa shoots.  They found the effects of 
irrigation and drought were highly significant at the top of the crown, with leaders of irrigated 
trees double the length of droughted trees (Garrett & Zahner, 1973).  The effects 
progressively decreased further down the crown until no significant differences in shoot 
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lengths occurred at the base of the crown (Garrett & Zahner, 1973).  Interestingly this was the 
case for all parameters measured: shoot and needle lengths, and number and density of 
fascicles (Garrett & Zahner, 1973).  Tang, Chambers, Guddanti, et al. (1999) also found the 
effects of thinning and fertilizer treatments stronger in the upper crown, with some 
combinations of treatments having no effect lower in the crown.  As discussed above, needle 
lengths were significantly affected by DNB even at the base of the crown, suggesting that D. 
septosporum infection may have a cumulative effect on needle and shoot parameters of the 
whole tree as strong as that of water supply or various thinning and fertilizer regimes. 
Shoot length and total number of needles on the shoot were highly correlated, therefore both 
responded in the same way to high infection levels.  Many studies have found the same 
correlation between shoot length and total number of needles (Junttila & Heide, 1981; 
McDonald, Skinner & Fiddler, 1992; Yang, 1998).  It follows that the fascicle density is a 
fairly set parameter within shoots of similar classes (i.e. from the same provenance, age class 
and position in crown) and not greatly influenced by environmental changes (Ladell, 1963; 
Lanner, 1976), although some, such as water availability, do have a minor effect (Cremer, 
1992).  Lanner (1976) determined that the length of stem units (a measure similar to fascicle 
density but comprising all components bearing a primary scale) varied little between P. 
sylvestris trees grown in different locations, and even between different provenances grown 
in different locations.  The main factor governing the length of the shoot was the number of 
stem units, i.e. the total number of needles, which is directly related to the length of the shoot 
(Lanner, 1976).  Kulman (1965) also found fascicle density not to be significantly affected by 
sample year or various defoliation treatments. 
Therefore high levels of D. septosporum infection do not affect fascicle density, as this is a 
parameter set by the shoot class. However, they do result in significantly shorter shoots in the 
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upper crown, and consequentially fewer needles on these shorter shoots, as well as shorter 
needles in both the upper and lower crown.  Again, the net result is a reduction in 
photosynthetic capacity and thus in overall growth of the tree. The cause of these needle and 
shoot length reductions is most likely the regular, relentless premature defoliation D. 
septosporum inflicts.  Total defoliation of all year’s foliage will usually result in the death of 
the tree (Craighead, 1940; Benjamin, 1955; O’Neil, 1962) and the effects of partial 
defoliation on height and diameter growth reduction have been reviewed by Kulman (1971).  
A few studies have simulated artificial defoliation similar to that caused by DNB and have 
recorded the effects on shoot growth.  O’Neil (1962) subjected P. banksiana trees to various 
defoliation treatments in August, once current year’s needles had fully developed.  One of the 
treatments closely resembled the defoliation caused by DNB in heavily infected stands i.e. 
defoliation of 1-, 2-, and 3-year old foliage by August, leaving only current year’s foliage.  
This treatment resulted in significantly shorter shoots the following year, as well as a 
reduction in diameter and height growth.  He also explicitly noted shorter, yellowish needles 
and high bud mortality in this treatment group.  Kulman (1965) also found a reduction in 
shoot lengths of P. resinosa one year after defoliation of 1- and 2-year old foliage.  These 
studies illustrate the effect of a single defoliation event on growth, yet DNB defoliation is 
year on year.  This pressure can only compound the effects on growth and prolong any 
possible recovery even if pressure from the disease is alleviated. 
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Chapter 5  Persistence of Dothistroma septosporum on detached 
needles under natural conditions 
5.1 Introduction 
Dothistroma needle blight is a serious and economically important disease of pines in Great 
Britain that causes premature defoliation and decreased yield (Brown and Webber 2008).  
The main infective propagules of the disease are rain splash dispersed conidia formed in 
acervuli on infected needles (Rogerson, 1953; Peterson, 1967*; Gibson, 1972; Peterson, 
1973*; Karadžić, 1989b).  Infected needles are predominantly cast in July, prior to the main 
drop in the autumn, although infected needles can be cast at any time of year (Karadžić, 
1989b).  These shed needles have many acervuli present producing large numbers of infective 
conidia and have the potential to be a major source of inoculum, particularly if they remain 
viable for long enough to take advantage of conditions conducive to infection. 
Abscised leaves and plant debris are known to be significant sources of inoculum in a number 
of plant diseases. Ascospores of Venturia inaequalis produced on apple leaf litter initiate 
epidemics of apple scab (MacHardy, 1996; Gladieux, Zhang, Afoufa-Bastien, et al., 2008; 
Xu, Harvey, Roberts, et al., 2012).  If sanitation measures are undertaken to remove or 
destroy the leaf litter in apple orchards ascospore production can be reduced by over 95% and 
subsequent incidence of apple scab by up to 57% (Holb, 2006).  The primary inoculum for 
ascochyta blight of pulse crops, caused by a number of pathogens including Mycosphaerella 
pinodes and various Ascochyta spp., is from infested plant residue from the previous season 
(Davidson & Kimber, 2007).  In fact, crop residues are considered the most important source 
of inoculum for a number of fungi causing ascochyta blight of faba bean, field pea, lentil, and 
bean crops in countries as diverse as Canada, Australia, and the UK (Carter & Moller, 1961; 
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Bond & Pope, 1980; Morrall, 1997; Hawthorne, Bretag, Raynes, et al., 2004; Bretag, Keane 
& Price, 2006).  In a forestry situation, the main inoculum source of the pine needle pathogen 
Lophodermium seditiosum is from fallen needles (Diwani & Millar, 1990).  As with D. 
septosporum, infected needles are predominantly prematurely cast in the early summer.  Fruit 
bodies develop rapidly and produce spores that infect current years’ needles a few months 
later in the late summer and autumn (Diwani & Millar, 1990; Strouts & Winter, 2000). It is 
not known whether D. septosporum acts in a similar manner to these fungi, with spores from 
abscised needles contributing to the total inoculum in the stand. 
When needles are prematurely shed they either become lodged in the dense network of 
branches, hanging suspended above the ground ( Figure 5.1), or land on the litter layer of the 
forest floor.  These positions present different threats for infection, with spores from 
suspended needles a threat to both canopy needles and regeneration on the forest floor while 
spores from needles in the litter are predominantly a threat to regeneration or replanting 
following felling of the stand. The two positions of abscised needles also present two very 
different conditions for the needles and accompanying fungi both in terms of moisture and 
temperature, as well as competing saprophytic microfungi.  For instance needles caught in 
branches are exposed to drying breezes and are not in contact with the heavily colonized litter 
layer of the forest floor.  
 
Figure 5.1 Abscised needles caught in branches before reaching the forest floor. 
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Knowledge of whether, and how long, D. septosporum propagules survive in abscised 
needles will help inform management decisions for infected stands. For example, thinning 
and pruning regimes will be influenced if caught, suspended needles are a significant source 
of inoculum.  Thinned and pruned stands have a lower density of branches to trap falling 
needles as well as allowing increased air flow which reduces likelihood of infection by 
promoting conditions less suitable for spore dispersal and infection.  Knowledge of survival 
of the fungus in the litter layer might affect the length of time before restocking a site and 
also has implications for nursery sanitation measures. Therefore, this experiment aimed to i) 
investigate whether abscised needles produce substantial levels of inoculum compared to 
attached needles,  ii) determine the survival time of D. septosporum on detached needles both 
caught in the canopy and fallen to the litter layer, iii) determine if weather conditions play a 
role in the longevity of the fungus in abscised needles, and iv) examine, using microsatellite 
analysis, whether any particular D. septosporum multilocus haplotypes are better suited to 
persisting in abscised needles. 
5.2 Materials and Methods 
5.2.1 Trial design 
An infected stand of unthinned 19 year old P. nigra subsp. laricio in the south of England 
(Abbotts Wood Compartment 68C, planted 1992, SU814406) was chosen for the experiment.  
Needles naturally infected with D. septosporum were collected from a nearby 9 year old 
stand of P. nigra subsp. laricio (Compartment 75B, planted 2002, SU814398), ensuring at 
least one needle in each fascicle had a D. septosporum fruit body present.  Seven fascicles 
were placed into each of 16 nylon mesh bags (Agralan Enviromesh, bags c. 18 x 10 cm, mesh 
size 2 x2 mm, see Figure 5.2).  Eight of the mesh bags were laid out approximately 1.5 m 
apart in a line on the surface of the litter layer (Figure 5.2 c and d).  The other eight bags were 
Persistence of Dothistroma septosporum on detached needles under natural conditions 
  115 
tied to branches c. 3.5 m above the ground (Figure 5.2 a and b).  This procedure was repeated 
every four weeks for two years, beginning in the first week of February 2011. 
 
Figure 5.2 Persistence trial layout a) and b) Bagged needles suspended in the canopy to simulate 
shed needles caught amongst branches. c) spacing of bagged needles on the forest floor. d) Close 
up of bagged needles on the forest floor.   
Every four weeks one mesh bag with suspended needles and one mesh bag from the litter 
layer were taken back to the laboratory and acervuli were assessed for viable D. septosporum 
propagules; a sample of freshly collected infected needles was also assessed.  Thus needles 
were assessed for viable propagules on the week they were collected (i.e. fresh), and after 4, 
8, 12, 16, 20, 24, 28, and 32 weeks exposure in both positions (the litter or suspended in the 
branches).   This assessment was carried out for two years to determine if survival time of the 
fungus varied with the weather conditions the needles were exposed to.  Appendix C shows 
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Weather data, in the form of air temperature, rainfall, relative humidity, wind speed, and 
photosynthetically active radiation (par) were collected from a weather station (Delta-T) in a 
nearby forest stand (see section 3.2.1). 
5.2.2 Assessment of viable D. septosporum propagules 
Needles were first inspected under a dissecting microscope to find the D. septosporum 
acervulus.  The needle was then wiped with an industrial methylated spirits (IMS) soaked 
tissue and the acervulus excised with a flame sterilized scalpel.  The excised acervulus was 
placed in a 2.0 ml microcentrifuge tube (MCT) along with an IMS sterilized and air dried 6 
mm steel ball and 200 μl SDW.  Each sample was then ground on a Retsch bead mill for 2 
minutes at 30 Hz. This treatment allowed release of all conidia into the water while causing 
them minimal damage (determined by previous experiments).  Two spread cultures, each 
containing 80 μl of the resulting suspension, were made on 90 mm Petri dishes of DM+S (see 
section 2.1.1.2). 
Spread cultures were incubated in the dark at 20°C for nine days after which the number of 
D. septosporum colonies were counted.  Percentage of contamination on each plate was 
estimated to the nearest 5% by overlaying a clear grid marked into 5% squares.  A number of 
D. septosporum colonies from each needle were also sub-cultured onto DSM (see section 
2.1.1.3) bijou slopes and stored at -20°C. 
Three needles from each bag were assessed in such a way at each assessment time.  The 
remainder of the needles in each bag were placed into gripseal plastic bags and stored at -
70°C. 
5.2.3 Microsatellite analysis 
Microsatellites markers were used to investigate whether particular multilocus haplotypes 
(MLHs) were better suited to survival in abscised needles than other MLHs. Isolates 
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recovered from needles exposed to field conditions for 24, 28, and 32 weeks (termed the 
‘persistent’ group) were compared to the overall population in the stand, represented by 
isolates recovered from freshly collected needles and from those exposed to only 4 weeks of 
field conditions (termed the ‘general population’ group).  DNA extraction, mating type 
determination and microsatellite alleles were determined using the methods detailed in 
section 2.2.   
5.2.4 Statistical methods 
For an overview of propagule decay patterns in abscised needles, data were pooled for all 
litter and suspended assessment periods over the two years.  Mean decay rates of D. 
septosporum propagules were then calculated using a generalized linear model with a Poisson 
distribution implemented in Genstat 13.1.  The median lethal time (Lethal Time50 or LT50) 
was calculated from the model.  This is the median time required for half of the propagules to 
die (i.e. they become non-viable).   The time needed for 90% of the propagules to die, the 
LT90 value, was also calculated as these are potentially more informative for forest 
management purposes. 
In order to investigate the effects particular weather conditions may have had on decay rates, 
a multiplicative model was fitted to the data to test for the effect of assessment week and 
exposure time.  The model was:  
 
Where t = the time of assessment of propagule viability, in 4-week increments; α = a 
parameter for the effect of week t, the week of the year the assessment was carried out; and β 
= a parameter for the effect of time j, the number of 4-week exposure periods that the needles 
Persistence of Dothistroma septosporum on detached needles under natural conditions 
  118 
were out in the field.  The term log(number of viable propagules at time t-1) was set as an 
offset in the model. 
A series of regression models were then fitted to identify relationships between the resulting 
parameter estimates for every assessment period (t) and meteorological metrics observed 
during the preceding 4-week period.  The meteorological metrics were a summary of the 
weather the needles had been exposed to during the 4-week period before they were assessed.  
The metrics were composed of mean temperature, mean windspeed, mean relative humidity, 
mean PAR (photosynthetically active radiation), and total precipitation over the 28 days prior 
to assessment. 
5.2.5 Molecular statistical methods 
The mating type and 11 microsatellite markers were used to assign isolates a MLH.  Isolates 
having the same allele at all 12 loci were considered the same MLH (i.e. clones).  Isolates 
from freshly collected needles and from needles exposed to only 4 weeks in the field (i.e. the 
general population group) were compared to those isolated from needles after 24, 28, and 32 
weeks in the field (i.e. the persistant group) using two methods.  Firstly, an AMOVA was 
conducted in GENALEX 6.5 (Peakall & Smouse, 2012) to investigate if the two groups were 
significantly differentiated.  Secondly, the χ2 value of the contingency table with the counts of 
each MLH was calculated.  χ2 values are unreliable when expected frequencies are low (i.e. 
<1, or ≤ 20% of values < 5) as is often the case for genotype or multilocus haplotype data 
(Cochran, 1954; Roff & Bentzen, 1989), and many infrequent MLHs were observed in the 
dataset.  Therefore, a distribution of χ2 values, if the null hypothesis was true, was generated 
using the Monte Carlo method as suggested by Roff & Bentzen (1989), and this was then 
compared to the χ2 value of the original dataset.  The number of times the χ2 value of the 
randomized datasets equalled or exceeded that of the original dataset allowed calculation of 
the probability of the null hypothesis being true.  The method was implemented in the 
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CHIRXC programme using 1,000 simulations (Zaykin & Pudovkin, 1993).  Additionally, 
indices of genetic variation were calculated and the possibility of random mating at the site 
was investigated using methods outlined in section 2.3. 
5.3 Results 
5.3.1 Decay of D. septosporum propagules and median lethal times 
The number of viable propagules declined rapidly in both litter and suspended needles 
(Figure 5.3).  When all assessment times and 4-week exposure periods were combined the 
mean decay rate of the number of viable propagules in acervuli was 0.42 for the litter needles 
and 0.61 for the suspended needles (Table 5.1).  These two rates were significantly different 
(F1, 482 = 30.8, p<0.001) with propagules from litter needles declining at a faster rate. 
 
Figure 5.3 Mean number of viable D. septosporum propagules recovered from litter needles and 
suspended needles after 4-week exposure periods in the field.  Fitted lines are estimated values 
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Persistence of Dothistroma septosporum on detached needles under natural conditions 
  120 
 




t(482) t. pr. 
Antilog of 
estimate 
Constant 5.5219 0.0849 65.07 <0.001 250.1 
Litter -0.8695 0.0778 -11.18 <0.001 0.4191 
Suspended -0.4877 0.0405 -12.05 <0.001 0.6140 
 
The 95% confidence interval for the litter LT50 was 20-28 days (i.e. 0.7 – 1.0 of a 4-week 
period), while the 95% confidence interval for the suspended LT50 was 34-48 days (i.e. 1.2 – 
1.7 of a 4-week period).  The 95% confidence interval for the litter LT90 was 63-90 days (i.e. 
2.25 – 3.2 4-week periods), while the 95% confidence interval for the suspended LT90 was 
113 – 157 days (i.e. 4.05 – 5.6 4-week periods).  This is equivalent to the numbers of viable 
D. septosporum propagules reducing 56-59% faster in the litter than in the canopy. 
Viable D. septosporum was still detected after the needles were exposed for 32 weeks in the 
field (the maximum time of exposure), although this was at very low levels.  From the litter 
needles under 4% of the total number of needles assessed yielded viable D. septosporum after 
32 weeks, whilst from the suspended needles this figure rose to 16%.  However, in almost all 
cases this was limited to one or two viable D. septosporum propagules per needle (i.e. per 
acervulus). 
 
5.3.2 Correlations with weather variables 
The regression analysis between the parameter estimates for each 4-week assessment period 
(t) and the meteorological metrics revealed a significant negative effect of humidity (p<0.01) 
on the viability of D. septosporum propagules in suspended needles.  Thus lower humidity 
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resulted in greater propagule survival in suspended needles.  However, no significant effects 
of the meteorological data were found on the viability of D. septosporum in the litter needles. 
 
5.3.3 Microsatellite analysis  
The AMOVA did not support any significant population differentiation (Table 5.2), and the 
analysis of the contingency table and its randomizations confirmed the null hypothesis of no 
difference between the two groups (general population group vs. persistent group) (χ2 
=60.3095, d.f.= 63; p-value =0.634 (95% confidence interval 0.604 to 0.664).  Therefore, 
both tests endorsed the lack of any distinctive population or MLHs persisting on needles. 
 














1 0.000 0 0.820 
Within groups 79 2.941 100  
Total 80 2.941 100  
 
All groupings of the data had similar levels of haplotypic and gene diversity, as well as 
comparable clonal fractions (Table 5.3), which further supports the lack of a separate 
grouping of isolates able to persist for a longer time.  Random mating was also refuted in all 
groupings (Table 5.4) regardless of the presence of both mating types at the site and high 
haplotypic diversity. 





Table 5.3 Summary of isolate numbers and genetic variability of D. septosporum used in this study. 
Haplotypic diversity calculated using non-clone corrected dataset.  Gene diversity, allelic richness (AR) and Private allele richness (PAR) calculated using  
clone corrected dataset.  AR and PAR were standardized to the smallest clone corrected sample size of 27. 
 
Table 5.4 Random mating tests for D. septosporum isolates 
 
Values of index of association (IA) and   r d  obtained after 1000 randomizations in Multilocus 1.3b. Values for parsimony tree-length permutation test 
(PTLPT) obtained after 1000 randomizations, dataset generated by Multilocus1.3b, parsimony analysis in PAUP.   
a
 L observed = the observed length of the tree generated from parsimony analysis. The number in parentheses is the number of most parsimonious trees found.    
b












AR ± standard 
error 
PAR ± standard 
error 
All isolates 241 64 0.942 0.734 0.542 n.a. n.a. 
Fresh needle isolates 179 54 0.939 0.698 0.546  4.472 ±0.606  0.571±0.007 
Persistent isolates 62 27 0.950 0.565 0.512  4.364±0.560  0.463±0.124 
 Non-Clone Corrected Clone Corrected Non-Clone Corrected PTLPT 
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All isolates 94:145 0.962 0.094 < 0.001 28:34 0.327 0.031 < 0.001 134 (1) 477 <0.001 137 (1) 175 <0.001 
Fresh needle 
isolates 
75:103 0.990 0.097 < 0.001 24:30 0.354 0.034 < 0.001 115 (2) 369 <0.001 116 (2) 151 <0.001 
Persistent 
isolates 
19:41 0.850 0.082 < 0.001 8:17 0.285 0.027 0.012 69 (3) 142 <0.001 67 (1) 73 <0.001 
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5.4 Discussion 
This study showed that abscised needles are clearly not the ideal habitat for D. septosporum.  
Its survival rapidly declines once needles are shed from the tree. Although more infective 
propagules were recovered from needles suspended above the forest floor than from needles 
in the litter, in both cases numbers were halved one to two months after abscission and 
dropped to 10% within six months.  Furthermore, the persistent isolates could not be 
differentiated genetically from the general population of isolates.  
Many aspects, ranging from environmental conditions to microarthropod communities, differ 
in the canopy when compared to those of the forest floor.  The canopy experiences more 
extreme climatic conditions with greater exposure to wind, sunlight and more frequent and 
extreme wet/dry cycles (Lindo & Winchester, 2006).  Relative humidity is also lower in the 
canopy and decreases with increasing canopy height (Cardelús & Chazdon, 2005; Unterseher 
& Tal, 2006).  The reverse is true of temperature during the day, with higher temperatures 
occurring in the canopy (Bohlman, Matelson & Nadkarni, 1995).  Microarthropods (e.g. 
mites and collembolans) are more numerous on the forest floor than in the canopy (Lindo & 
Winchester, 2006, 2007).  These conditions all affect the rate of microbial colonization and 
activity. 
Microarthropods are known to eat fungi, in some cases selectively feeding on particular 
fungal species (Mitchell & Parkinson, 1976; Parkinson, Visser & Whittaker, 1979) and such 
selective feeding could alter the composition of the microbial community (Mitchell & 
Parkinson, 1976).  In this study microarthropods were not observed systematically, yet casual 
obeservations indicated more microarthropods in the older litter needles with many D. 
septosporum fruit bodies ‘missing’ when observed under a dissecting microscope.  
Presumably the fruit bodies were being consumed by microarthropods and it may be that D. 
Persistence of Dothistroma septosporum on detached needles under natural conditions 
  124 
septosporum is a particularly palatable, or just a highly concentrated, food source.  Some 
arthropods are good dispersers of propagules (both fungal and bacterial) both in their faeces 
and on their bodies, potentially leading to higher rates of microbial colonization where they 
are numerous (Lilleskov & Bruns, 2005; Coulis, Hättenschwiler, Fromin, et al., 2013).  
Furthermore, Kaneko, McLean & Parkinson (1998) and Setälä, Haimi & Huhta (1988) have 
reported higher levels of microbial activity from litter with higher levels of microarthropods. 
The different climatic conditions in the canopy have a strong effect on the microbial 
community.  While solar radiation, particularly UV radiation, is known to kill fungal spores, 
D. septosporum conidia would be fairly well protected inside an acervulus, as has been 
shown for other fungi (Rotem & Aust, 1991).  An added layer of protection would be 
provided by the dense, shaded forest stand.  Any competing colonizing fungal spores would 
be slightly more exposed to radiation, potentially slowing their colonization of the needles.  
However, the higher solar radiation and greater exposure to wind in the canopy also leads to 
increased drying.  Many studies have reported that moisture is a key factor influencing 
microbial activity in plant litter (Witkamp, 1966; Zelles, Adrian, Bai, et al., 1991; Schimel, 
Gulledge, Clein-Curley, et al., 1999; Butenschoen, Scheu & Eisenhauer, 2011; Riutta, Slade, 
Bebber, et al., 2012; Lee, Fitzgerald, Hewins, et al., 2014).  Higher microbial activity is 
known to result in faster breakdown and decomposition of the shed plant material (Witkamp, 
1963, 1966).  Baldrian, Merhautová, Petránková, et al. (2010) reported that microbial 
biomass increases with litter moisture and that fungi were more affected by moisture than 
bacteria.  In fact Osono, Ono & Takeda (2003) positively correlated length of live hyphae 
with litter water content.  It has been further suggested that the stress effect of repeatedly 
wetting and drying the canopy litter has a negative effect on microbial activity (Bohlman, 
Matelson & Nadkarni, 1995; Schimel, Gulledge, Clein-Curley, et al., 1999).  The combined 
effect of these factors is generally lower microbial activity and thus reduced rates of 
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decomposition in the canopy litter than in the forest floor litter (Cardelús, 2010; Li, Liu, Li, et 
al., 2014).  The lower microbial activity means less competition against D. septosporum for 
needle resources allowing the fungus to persist for longer in the canopy than in the forest 
floor litter.  The significant negative effect of relative humidity on persistence of D. 
septosporum in the canopy is due to the importance of moisture on microbial activity.  The 
litter on the forest floor rarely dried out allowing high levels of microbial activity and rapid 
degradation of D. septosporum.  Thus the decay is so rapid in the continuously damp litter 
needles that relative humidity plays no significant role here.  High relative humidity and 
moisture may also promote D. septosporum conidial release, allowing loss of propagules to 
the wider environment. 
Dothistroma septosporum has been considered a weak saprophyte easily outcompeted on 
dead needles by saprophytic fungi (Gibson, Christensen & Munga, 1964; Shishkina & 
Tsanava, 1966b; Gadgil, 1970).  Shishkina & Tsanava (1966b) noted that D. septosporum 
was quickly overrun by Lophodermium on fallen P. brutia var. pityusa needles in Georgia 
and Gibson, Christensen & Munga (1964) reported the rapid decline in the proportion of D. 
septosporum conidia in litter needles when compared to those of saprophytes, in particular 
Pestalotiopsis spp.   The results of this study are in agreement with these authors.  Schwelm, 
Barron, Baker, et al. (2009) demonstrated that dothistromin, the toxin produced by D. 
septosporum, is not needed for infection of pine needles by the fungus but it did confer a 
competitive advantage against other pine needle fungi in vitro.  From this it would seem that 
even on live host material the fungus is an inherently weak competitor and dothistromin is 
needed to help displace other fungi.  It is therefore unsurprising that on dead and dying host 
material the fungus is quickly outcompeted by saprophytic organisms better adapted to 
utilizing dead host material.  Needles falling onto the forest floor will be in direct contact 
with previously shed needles already colonized by saprophytes which would facilitate 
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colonization of newly arrived needles by saprophytes.  Conversely, in the canopy needles are 
often not in direct contact with other many older needles, slowing rate of colonization by 
saprophytes.  
Regardless of the vertical position of the abscised needles in the forest stand persistence of 
the fungus is limited.  Some fungal propagules are thought to survive over 25 years, although 
evidence is often anecdotal e.g. Urocystis cepulae and Synchytrium endobiotium (Thaxter, 
1890; Putnam & Sindermann, 1994).  Other fungal propagules can enter a dormancy phase, 
much like plant seeds, enabling them to survive periods of many years (Nara, 2009; Bruns, 
Peay, Boynton, et al., 2009).  A number of pine fungal pathogens (Sphaeropsis sapinea, 
Leptographium serpens, and Heterobasidion annosum) can survive at least 12 months 
(Santini, Pepori, Ghelardini, et al., 2008)  However, these are wood or shoot, as opposed to 
foliar, inhabiting fungi, making comparisons with D. septosporum difficult. 
A detailed study of D. septosporum persistence in fallen needles was also undertaken by 
Gadgil (1970).  He assessed needles in the litter and canopy of both thinned and unthinned P. 
radiata stands in New Zealand.  As in the current study a rapid decrease in inoculum was 
reported with persistence slightly higher in canopy needles than in forest floor needles.  
Gadgil (1970) found no viable conidia after six months, with the maximal survival time being 
between four and six months (i.e. viable at four months but not at six months, the subsequent 
assessment period).  This result is in broad agreement with the current study although the 
pathogen was still found to be viable at six months in some cases.  The difference may be due 
to a different host species (P. radiata), location and climate (New Zealand) and/or assessment 
method.  Gadgil (1970) damp-chamber incubated needles recovered from the field and then 
picked off any exuded conidia with a loop and streaked them onto agar plates.  This method 
allowed assessment of viable conidia only.  The method used in the current study allowed 
recovery of all infective propagules in a fruit body regardless of whether these were conidia 
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or mycelial fragments.  Both are known to cause infection, in fact germinating mycelial 
fragments have been reported to penetrate the host cuticle directly while germinating conidia 
must enter the needle via stomata (Gadgil, 1967).  Fewer mycelial fragments than conidia 
might be expected from an acervulus but the dislodging of either will result in the 
dissemination of infective propagules.  In Japan, Ito, Zinno & Suto (1975) reported viable D. 
septosporum conidia from abscised P. thunbergii and P. densiflora needles after six months 
of outdoor winter storage, whereas Shishkina & Tsanava (1966b) reported conidia viability as 
between three and five months from P. brutia var. pityusa needles stored as herbarium 
specimens.  While Gibson, Christensen & Munga (1964) recovered viable conidia from P. 
radiata foliage kept in a dry incubator at 30°C for five months.  They also found live conidia 
on foliage kept at room temperature for eleven months, the maximum reported in the 
literature (Gibson, Christensen & Munga, 1964).   
Investigation, using microsatellite markers, did not reveal any particular MLHs that were 
better suited to longer persistence in abscised needles.  This is consistent with the belief that 
D. septosporum is a poor saprophyte and has limited survival on abscised needles.  Any 
selective pressures are likely to be acting much earlier in the pathogen’s life cycle, before 
needles are shed.  It would seem that persistence of the fungus is governed primarily by the 
environmental conditions the abscised needles are subjected to with the particular MLH being 
of little consequence.  The evidence presented here suggests that needles yielding the fungus 
many months after abscission were most likely subjected to lower moisture levels, slower 
colonization by saprophytes, lower levels of microbial activity and degradation, and that the 
D. septosporum fruit body escaped microarthropod predation. 
In conclusion, shed needles infected with D. septosporum contribute only slightly, and for a 
limited time, to overall inoculum levels in a stand.  Replanting a felled, infected area with a 
pine species is inadvisable, but where this is deemed the best option, inoculum in the litter 
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will be minimal, reduced by 90% after three months.  If replanting is undertaken after six or 
twelve months inoculum from the site is likely to be negligible, although not absent.  The 
greater risk is likely to be from adjacent infected stands. Shed needles caught in the canopy of 
a standing forest are a threat for much longer than those reaching the forest floor, although 
inoculum levels were also found to decrease rapidly in this environment, halving in under 
two months.  Therefore, for increased efficacy thinning, pruning, and brashing operations 
should be carried out prior to the main needle shedding periods of late summer and autumn.  
However, the inoculum produced from attached needles is much greater, and periods of peak 
infection should also be considered when timing these operations (see section 3.4).  
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Chapter 6 Local Dispersal of Dothistroma septosporum 
6.1 Introduction 
Forest nurseries offer ideal conditions for the proliferation of many diseases, including 
dothistroma needle blight (DNB).  These include high humidity, warm temperatures and 
dense planting regimes.  The subsequent shipping and planting out of infected nursery stock 
have undoubtedly resulted in large reforested areas becoming infected with D. septosporum 
(Bradshaw, 2004).  Indeed, human mediated transport of infected plant material has been 
suggested as the primary long distance dispersal mode of D. septosporum (Butin & Richter, 
1983; Jankovský, Bednářová & Palovčíková, 2004; Bednářová, Palovčíková & Jankovský, 
2006).  In some cases this may be through asymptomatic plants that can go un-noticed during 
plant health inspections in collaboration with free trade agreements which then allow them to 
be transported long distances both within and between countries.  However, the occurrence of 
the disease in older, previously uninfected stands indicates that spread can also be by natural 
means. Natural long-distance dispersal has also been suggested by Dale, Lewis & Murray 
(2011), who concluded that low genetic divergence of the pathogen between sites of planted 
P. contorta var. latifolia in an area otherwise dominated by non-host species was due to gene 
flow and natural inoculum spread.   
The pathogen can produce two types of spores: asexual conidia and sexual ascospores.  
Conidia are primarily dispersed via rain splash (Rogerson, 1953; Peterson, 1967*; Gibson, 
1972; Peterson, 1973*; Karadžić, 1989b), and while the range of true rain splash is relatively 
small, water droplets of a diameter down to 50 μm have been estimated to be able to contain 
D. septosporum conidia (Gibson, Christensen & Munga, 1964). Such small droplets can 
become airborne in winds, with fogs and mists especially conducive to such dispersal, and 
even on drying out the conidia contained within them would remain suspended in the air for 
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some time.  During foggy and misty weather such small droplets could become incorporated 
into forming clouds allowing dispersal over far greater distances than that of purely rain 
splashed conidia.  Gibson, Christensen & Munga (1964) suggested these mechanisms as the 
means by which the pathogen spread in East Africa, as wind patterns matched the progression 
of the disease over the years studied.  They also trapped conidia in mist 10 feet (305 cm) 
above the top of the tree canopy showing that spread can be vertical for some distance.  
The ascospores of the sexual stage, Mycosphaerella pini, are reported to be wind dispersed, 
allowing dispersal to greater distances than purely rain splash dispersed conidia (FAO, 2008; 
O’Neill, 2011; EFSA Panel on Plant Health (PLH), 2013).  Therefore, even low levels of 
sexual reproduction could potentially allow the introduction of the pathogen into distant 
susceptible stands, with subsequent asexual reproduction facilitating spread within the stand.  
The sexual stage is uncommon, but has been observed in a growing number of locations: 
Canada (British Columbia) (Funk & Parker, 1966), the USA (California, Oregon, and  
Alaska) (Cobb, Uhrenholdt & Murray, 1968; Peterson & Harvey, 1976; Peterson, 1982), 
France (Morelet, 1967), Romania (Gremmen, 1968), Germany (Butin & Richter, 1983), 
Georgia (Shishkina & Tsanava, 1966b), Serbia (Karadžić, 1989b), Poland (Kowalski & 
Jankowiak, 1998), Portugal (Fonseca, 1998), Denmark (Munk, 1957), Honduras, Costa Rica, 
and Jamaica (Evans, 1984).  Its presence in a number of other locations has been presumed 
from molecular studies (Dale, Lewis & Murray, 2011; Drenkhan, Hantula, Vuorinen, et al., 
2012; Tomšovský, Tomešová, Palovčíková, et al., 2013).   
In order to assess the risk of DNB to stands of susceptible crops, the distance D. septosporum 
can spread under natural conditions in Britain was investigated.  This is especially important 
in establishing buffer zones around nurseries to ensure the stock is at minimal risk of 
infection.  Current control measures in Great Britain require nurseries and their immediate 
vicinities to be found free of DNB symptoms before stock is allowed to be released for 
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planting, with the immediate vicinity defined as 550 m (O’Neill, 2011).  A doubling of the 
known natural dispersal of the fungus (274.3 x 2 ≈ 550 m) gives the legal definition of 
‘immediate vicinity’ for DNB.  This figure comes from the only empirical study conducted 
on the natural spread of D. septosporum by Gibson, Christensen & Munga (1964) in Kenya in 
the 1960s.  They found high infection rates up to 100 yards (91.4 m) from the source of 
infection, with a dramatic drop at 200 yards (182.9 m) with some infection still occurring up 
to 300 yards (274.3 m), the maximum tested, from the source.  However is seems probable 
that D. septosporum can be spread beyond this distance and the applicability of this figure to 
the current situation under British conditions has been questioned due to environmental 
conditions differing from those in East Africa.   
Trapping spores in various volumetric, impact, or throughfall traps allows quantification of 
the number of spores arriving at a particular location.  It does not, however, provide any 
information on their viability or infective capacity.  Adopting the use of susceptible hosts as 
traps allows the distance viable spores and the infection they cause to be assessed, which is 
the pertinent fact as far as disease management is concerned.  Many needle pathogens, as 
well as physical damage, can produce similar initial symptoms to D. septosporum infection 
(chlorotic bands, necrotic areas), therefore the presence of D. septosporum fruit bodies is 
essential to visual assessment.  As is the case for many foliar pathogens, environmental 
conditions govern how quickly symptoms and fruit bodies develop.  Both Gadgil (1977) and 
Parker (1972) have shown that moisture, exposure to high humidity and optimal temperatures 
allow acervuli to develop from infection points. They suggested that under dry conditions 
infection points will not develop acervuli even after extended periods of time, yet incubation 
at optimal conditions allowed fruiting structures to develop rapidly (Parker, 1972; Gadgil, 
1977).  Nonetheless, even after incubation at optimal conditions the identity or cause of 
necrotic patches or fruit bodies can be ambiguous when assessed by visual inspection.  The 
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lower the inoculum load, the lower the infection level and the more difficult it becomes to 
accurately attribute individual necrotic points to D. septosporum. Yet it is these cases that are 
important to determine the maximal aerial spread of DNB and molecular diagnostic tools are 
required for confirmation of the presence of D. septosporum. 
The molecular diagnostic method developed by Ioos, Fabre, Saurat, et al. (2010) uses dual-
labelled probes in a rtPCR (real-time polymerase chain reaction) assay to detect low levels of 
Dothistroma DNA in a sample.  The method was developed to detect both D. septosporum 
and D. pini DNA in plant material without the need for time consuming culturing techniques 
or sporulating fruit bodies being present, as low levels of DNA can be detected. The 
procedure uses a forward and reverse primer to amplify a specific gene region while 
integrating a fluorescent probe into the resulting amplicon, the fluorescence of which is then 
detected in ‘real time’ at the end of each amplification cycle.  As the number of amplicons 
doubles, theoretically, with each cycle, fluorescence also increases until it is clearly above 
background fluorescent levels and presence of the pathogen can be confirmed.  The point at 
which the fluorescence signal rises above background fluorescence is called the crossing 
point (Cp) value.  Lower Cp values result from the signal rising above the noise earlier, i.e. 
after fewer cycles, indicating a higher amount of DNA present in the sample.  Conversely, 
higher Cp values occur after many cycles and indicate a lower amount of initial DNA present 
in the sample.  An internal positive control (IPC) to validate PCR amplification and adequate 
DNA extraction is also included.  The IPC targets a region (18S ribosomal rDNA) highly 
conserved in eukaryotic organisms, including plants and fungi, and serves to distinguish truly 
uninfected needles from PCR inhibition or extraction failure. 
However, while rtPCR is known to be a highly sensitive technique it is dependent on the 
quality and quantity of DNA in the sample tested.  As D. septosporum DNA must be 
extracted from the host and mycelial material, the extraction procedure has a direct effect on 
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the overall sensitivity of the detection technique.  The efficiency of DNA extraction methods 
is known to vary widely and is difficult to assess accurately.  For example, using a number of 
different commercially available kits to extract bacterial DNA from soil Mumy & Findlay 
(2004) found DNA recovery ranged from 2 to 43% of total initial DNA.  Mygind, Østergaard, 
Birkelund, et al. (2003) found recovery rates from 9 to almost 100% using various extraction 
methods for bacteria from human tissue. They found the highest extraction efficiencies using 
a MagNA Pure LC instrument, which uses a purification system based on magnetic particles.  
Furthermore, Butts, Kline, Almeida, et al. (2010) calculated that true extraction efficiencies 
range from 16 to 33%. Between various methods they found higher efficiencies when using a 
Qiagen EZ1 system, which again uses magnetic particles for purification.  The Kingfisher 
Flex instrument also uses magnetic particles to extract and purify DNA and a proprietary 
Thermo Fisher publication (Suomalainen, Puro, Benton, et al., 2009) gave the average DNA 
recovery as 74%.  Needless to say, reported extraction efficiencies vary widely and it is clear 
that a large amount of the initial DNA in a sample is lost during the extraction procedure.  
Calculating the extraction efficiency of D. septosporum DNA from infected host material is 
extremely difficult as initially the host tissue must be disrupted to release the mycelium 
within it followed by disruption of the mycelium and extraction of its DNA contents.  
Therefore, three guide values of DNA extraction efficiency were chosen based on the 
literature: a low value of 10%, a mid-range value of 30%, and a high value of 70%.   
If the sensitivity of the rtPCR assay is combined with the efficiency of the DNA extraction 
technique then the amount of DNA in the original sample, prior to DNA extraction, can be 
calculated.  Subsequently, this quantity of DNA can be converted into the number of D. 
septosporum cells, as the D. septosporum genome size is known (De Wit, van der Burgt, 
Okmen, et al., 2012), allowing the sensitivity and suitability of the entire diagnostic 
procedure to be ascertained. Therefore, this work aimed to i) validate an existing D. 
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septosporum rtPCR detection method and assess its suitability to ii) determine how far D. 
septosporum can naturally spread, and infect, under British conditions. 
6.2 Materials and Methods 
6.2.1 Sensitivity and Standard Curves of the rtPCR Assay 
The rtPCR technique developed by Ioos, Fabre, Saurat, et al. (2010) was used to detect D. 
septosporum DNA.  The primers were synthesized by IDT (Leuven, Belgium), and the probes 
by Eurogentec (Seraing, Belgium).  The primer and probe sequences and the gene regions 
they target are detailed in Table 6.1.  
Table 6.1 Primer and probe names, sequences, and target gene regions of the rtPCR assay.  
EF1-α = translation elongation factor; ß-tub2 = ß-tubulin 2;  18S rDNA = 18S ribosomal DNA; 
BHQ1 = Black hole quencher 1, Biosearch Tech. Inc.; BHQ2 = Black hole quencher 2, 
Biosearch Tech. Inc.  
Primer or 
probe name 





DStub2-F1 CGAACATGGACTGAGCAAAA ß-tub2 





















18S uni-F GCAAGGCTGAAACTTAAAGGAA 18S rDNA 
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Real-time PCR reactions were carried out on a Roche Lightcycler 480 (Roche Diagnostics, 
Basel, Switzerland) in 20 µl volumes.  Each reaction contained 1 x (i.e. 10 µl) Lightcycler 
480 Probes Master (Roche Diagnostics), 0.42 µl primer-probe master mix, 4.58 µl PCR H2O 
(Roche Diagnostics), and 5 µl DNA.  A bulk primer-probe master mix was prepared for 500 
samples and contained 0.06 µl of each forward and reverse primer and 0.02 µl of each probe, 
resulting in a final concentration in each reaction of 0.3 µM each primer and 0.1 µM each 
probe.  The primer-probe master mix was stored at -20°C and has been shown to be stable 
over time (Ioos, Fabre, Saurat, et al., 2010).  The rtPCR cycling conditions consisted of an 
initial denaturation step of 95°C for 10 minutes followed by 40 cycles of denaturation at 95°C 
for 15 seconds and annealing and elongation at 60°C for 55 seconds (Ioos, Fabre, Saurat, et 
al., 2010).  Analysis was carried out with the Lightcycler 480 software version 1.5.0.39 using 
the absolute quantification second derivatives maximum method.  The second derivatives 
maximum method of calculating Cp values is more reproducible than the fit points method as 
it is not subject to user interference or subjectivity (Luu-The, Paquet, Calvo, et al., 2005).    
In order to determine the limits of detection and sensitivity of the rtPCR assay standard 
curves were constructed using serially diluted D. septosporum genomic DNA.  Two isolates 
were chosen and grown in pure culture (as described in section 2.2.1) before DNA was 
extracted. The isolates were D631 (extracted using the Qiagen DNeasy Plant Mini Kit) and 
D183 (extracted using the Kingfisher Plant DNA Extraction kit).  DNA was serially diluted 
in PCR water (Promega, WI, USA) and Corsican pine needle genomic DNA.  Pine needle 
DNA was extracted from uninfected needles taken from the field trial’s negative control (see 
section 6.2.2) using Kingfisher Plant DNA Extraction kits.  Corsican pine needle DNA was 
used to dilute the D. septosporum DNA in order to simulate the field trial extractions in 
which low levels of D. septosporum DNA would be found together with Corsican pine needle 
DNA.  DNA concentrations were measured using a Nanodrop 2000c (Thermo Scientific).  
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DNA concentrations and dilutions are given in Table 6.2 and Table 6.3.  Each dilution was 
run in triplicate with appropriate negative controls.  The sensitivity, or minimum detection 
limit, of the assay was determined as the minimum amount of D. septosporum DNA that 
reliably (i.e. in all three replicates) produced a positive result (i.e. the fluorescence of the 
target rose above that of background fluorescence). 
The minimum detection limit was then converted into an approximate number of D. 
septosporum cells.  Firstly, the amount of DNA in one D. septosporum cell was calculated by 
converting the size of the genome in base pairs into total pg of DNA following the formula of 
Doležel, Bartoš, Voglmayr, et al. (2003):  
 
 
The size of the D. septosporum genome is 31.21 Mbp (De Wit, van der Burgt, Okmen, et al., 
2012).  Secondly, the minimum detection limit was divided by the DNA content of one D. 
septosporum cell to calculate the number of cells that the minimum detection limit was 
equivalent to.  Finally, the three extraction efficiency guide values of 10%, 30%, and 70% 
were used to extrapolate how many cells were in the original sample prior to extraction. 
 
6.2.2 Site selection and trial establishment 
‘Trap plants’ were used to evaluate the spread of D. septosporum spores downwind of 
infected stands. In England the main crop affected by DNB is P. nigra subsp. laricio 
(Corsican pine), therefore heavily infected stands of this species were chosen as a source of 
infection.  The prevailing wind in the south of England is from the southwest, thus stands 
were chosen with the area to the northeast of the stand as clear as possible, with only low 
growing vegetation and no pines present.  This ensured that the only sources of inoculum 
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were the selected infected stands.  Uninfected trap plants were set up at fixed distances from 
the infected stand along a roughly southwest to northeast transect (i.e. downwind).  Trap 
plants consisted of five potted 4-5 year old Corsican pine seedlings placed in a 55 x 55 cm 
tray with a base of 1 cm thick capillary matting (Lantor; wool fibre, 5 ltr m
-2
 water holding 
capacity).  Each trap was enclosed in a cage of chicken wire to prevent mammal damage (see 
Figure 6.1) 
 
Figure 6.1 Example of trap set up.  a) Rogate site, May 2010; b) Stow Bedon site, August 2011, 
with infected stand on horizon.  
 
Trapping transects were set up at three sites. The first trial, near Rogate, Hampshire, was set 
out in late September 2010, with trap plants set up to c. 500 m from the infected stand 
(SU807265) with 12 trap locations (Figure 6.7).  The second and third sites were set up in 
late May 2011 in East Anglia.  Two distinct lines of traps were set out in the same vicinity.  
One around Breckles Grange with traps up to 1.2 km from the infected stand (TL946938) and 
7 trap locations; another around Stow Bedon with traps up to 6.5 km from the infected stand 
(TL929948) and 25 trap locations (Figure 6.8, Figure 6.9, and Figure 6.11).  At each site an 
additional intra-stand trap was set up to confirm inoculum production and infection within the 
ba
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stand (Figure 6.2).  A control trap was kept in the Alice Holt intensive nursery in a polytunnel 
for the duration of the experiments to confirm the plants were not infected when set out. 
 
 
Figure 6.2 Breckles Grange main infected stand, which contained the intra-stand trap, showing 
high levels of infection in early July 2012.   
 
6.2.3 Disease assessment in source stands and verification of dominant wind 
direction 
 
The Rogate source stands were surveyed for DNB in the summer of 2010, the East Anglia 
source stands were surveyed in the summer of 2011.  Surveys consisted of transects through 
each stand of Corsican pine younger than 80 years old.  One to three transects were assessed 
per sub-compartment; one transect for those up to 4 ha, 2 transects for those between 4 and 
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10 ha, and 3 transects for those over 10 ha.  Thirty individual trees were assessed along each 
transect for percentage defoliation (DE) of the crown at 5% intervals, and the percentage of 
remaining needles in the crown infected (CI) by D. septosporum, also at 5% intervals.  These 
were combined into an impact factor (IF) calculated as: 
 
The impact factor allows one to account not only for obvious current infection, but also for 
previous years’ infection by taking into account the resultant defoliation.  If only the current 
year’s infection is considered the cumulative impact of the disease is misrepresented.  Values 
were averaged across all trees surveyed along the transects in each stand. 
Wind direction data from the Marham, Norfolk Meteorological Office Station (c. 25 km from 
the East Anglia sites) was used to verify the dominant wind direction. 
 
6.2.4 Assessment of trap trees 
The Rogate trial was left until July 2013 (i.e. 33 months) before full assessment, allowing two 
season’s worth of growth and infection to be assessed.  The East Anglia trials were assessed 
in July 2012 (i.e. 13 months, after one infection season) and July 2013 (i.e. 25 months, after 
two infection seasons).  Traps were checked a number of times per year and, if necessary, 
watered.  Mammal protection cages were extended in July 2012 for the East Anglia sites due 
to vigorous growth of the plants (Figure 6.3).   
Assessment consisted of two methods 1) visual examination of needles for D. septosporum 
fruit bodies, observation of conidia within the fruit bodies and attempted isolation of the 
fungus; 2) molecular diagnosis of suspect needle segments using rtPCR. 
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Figure 6.3 Example of extended mammal protection cages set up in July 2012  (photo taken July 
2013).  
 
6.2.5 Incubation and visual assessment 
To promote the development of fruit bodies from infection points, and facilitate assessment 
of infection, trap plants were incubated in optimal conditions prior to the first assessment of 
the East Anglia trials. All trap plants were incubated in a Conviron BDW50 growth chamber 
at 85% humidity, 20/16°C day/night (17 hours day/7 hours night), light intensities during the 
day were 800 µmol for 13 hours with 2 hours of 500 µmol either side of the 13 hour main 
period and a 20 minute ramp rate to simulate dawn and dusk.  Plants were incubated for 14 
days, this being just below the minimum time period needed for infection, symptom 
development and subsequent development of acervuli (Gadgil, 1974).  Therefore the 
incubation period only allowed infection already present in the needles to develop fully but 
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not for any non-germinated spores present on the needle surface to infect and develop enough 
to be assessed. 
For the final (i.e. second year) assessment of the East Anglia trials, and the assessment of the 
Rogate trial, trees did not undergo growth chamber incubation but were instead incubated in a 
glasshouse, for a minimum of two weeks, and kept well watered before assessment. 
Temperatures were higher than outdoor ambient temperatures, allowing faster development 
of symptoms and fruit bodies.  
6.2.6 Molecular assessment 
Needles with potential DNB symptoms (necrotic or chlorotic bands) were picked from the 
trees and placed in gripseal bags prior to further processing in a clean laboratory.  Only a 
preliminary assessment was undertaken in the first year (July 2012) of the East Anglia trap 
sites in which a few potentially symptomatic needles (1 – 3) were taken from each tree for 
molecular analysis, and all needles from each trap position were grouped.  This was to allow 
any potential infection points to develop further and maximize chances of detection in the 
final assessment one year later.  DNA from these initial needle samples was extracted using 
the Qiagen DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the 
manufacturer’s instructions.  
During the final assessment (July 2013) each of the five trees in a trap position was treated as 
a separate sample. Where possible an attempt to collect two separate samples from each tree 
was made.  One sample was collected from 2012 (i.e. one year old) needles only exposed to 
one year’s inoculum as well as any suspect 2013 (i.e. current year) needles.  The second 
sample consisted of 2011 and 2010 (where available) needles (i.e. two year old and older 
needles) that had been exposed to inoculum for two years.  Therefore each trap point 
potentially provided ten samples for testing.  In cases where few potentially infected needles 
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were present, needles from all year classes were grouped into one sample per tree.  
Conversely, where many suspect needles were present on a tree, each year class was treated 
as a separate sample.  Only a small number of trees were not sampled according to the 
standard two samples per tree strategy.   
Symptomatic segments were cut from the needles using a scalpel and forceps which were 
sterilized in 0.4 M HCL, rinsed in sterile distilled water (SDW), rinsed in IMS (industrial 
methylated spirits) and flame dried before use. Excised segments were placed in 2.0 ml 
microcentrifuge tubes and homogenized with Retsch 3.0 mm cone balls on a Retsch mm200 
mixer mill (Retsch, Haan, Germany).  DNA extraction was done with a Kingfisher Flex 
magnetic particle processor (Thermo Scientific, MA, USA) using Kingfisher Plant DNA 
Extraction kits (Thermo Scientific) according to the manufacturer’s instructions with two 
minor modifications; firstly, during homogenization of the material slightly more lysis buffer 
was used (575 µl vs. 500 µl), and secondly, DNA was eluted into a smaller final volume (100 
µl vs. 150 µl) in order to concentrate any potential D. septosporum DNA in the sample.   
Reaction conditions were identical to those used to determine the limits of detection and 
sensitivity of the rtPCR assay. Each sample was tested in triplicate. Where results were 
ambiguous the sample was again run in triplicate. PCR controls included negative (i.e. no 
template, PCR H2O) and positive (i.e. genomic D. septosporum DNA standards) controls. 
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6.3 Results  
6.3.1 Sensitivity of the rtPCR assay and limits of detection 
The amplification curves for the standards (Figure 6.4) show close groupings of the 
replicates, indicating high reproducibility.  Figure 6.5 shows the standard curves for standards 
with a Cp value of <35.  The second derivatives maximum method for calculating Cp values 
does not produce specific Cp values over 35 (if 40 cycles are used). Yet the method clearly 
distinguished no amplification (horizontal lines in Figure 6.4) from positive amplification 
(curves in Figure 6.4), even if the positive amplification curve occurs after many cycles and 
has a high (>35) Cp value.  Therefore only standards with a Cp value <35 were used to 
calculate the standard curves and efficiencies of the rtPCR (Figure 6.5).  The standard curves 
showed that PCR efficiency was high, with a mean of 1.966 ± 0.0159 (1 s.e.)  (Figure 6.5).  
The mean error value (mean squared error of the single data points fit to the regression line) 
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a) Isolate D183 DNA diluted in PCR H2O              b) Isolate D631 DNA diluted in PCR H2O                 
 
c) Isolate D183 DNA diluted in pine needle DNA d) Isolate D631 DNA diluted in pine needle DNA                
 
Figure 6.4  Amplification curves of dilution series listed in Table 6.2 and 6.3  a) Isolate D183 
DNA diluted in PCR H2O;  b) Isolate D631 DNA diluted in PCR H2O;  c) Isolate D183 DNA 
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In order to determine the limits of detection of the assay all consistently positive standards 
were used.  Reliable detection of the target DNA occurred when all replicates of the standard 
produced amplification curves, even if this occurred after a large number of cycles and 
resulted in a high Cp value.  Below the limits of detection some replicates occasionally 
produced amplification curves but the inconsistency between replicates indicated that 
detection at this level was unreliable.  At even lower concentrations no consistent 
amplification was seen.  Table 6.2 and Table 6.3 display the Cp values for the standards from 
which the limits of detection were obtained. The standard curves indicate the limits of 
detection for the assay were 32.3 fg/µl (bold in Table 6.3) or 161.5 fg in 5 µl, the volume of 
DNA used in each reaction.  
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d) Isolate D631 DNA diluted in Corsican pine needle DNA 
Figure 6.5 Standard curves for dilutions of isolates in PCR H2O or Corsican pine needle DNA.  
Only standards with Cp values < 35 were used to calculate the standard curves and efficiencies 
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Table 6.2 Isolate D631 dilutions and mean Cp values; *= N is the number of positive replicates 


































stock 3.5 x 10
6
 1.75 x 10
7
 21.15 0.052 3 
   
x2 1.75 x 10
6
 8.75 x 10
6
 22.19 0.041 3 
   







23.20 0.050 3 
   
x5 7.0 x 10
5
 3.5 x 10
6
 23.56 0.044 3 
   
x10 3.5 x 10
5
 1.75 x 10
6
 24.69 0.039 3 24.44 0.065 3 
1 x 10
2
 3.5 x 10
4
 1.75 x 10
5
 27.97 0.044 3 27.92 0.052 3 
1 x 10
3
 3.5 x 10
3
 1.75 x 10
4
 31.34 0.182 3 31.33 0.154 3 
1 x 10
4
 3.5 x 10
2
 1.75 x 10
3
 34.81 0.329 3 >35 n.a. 3 
2 x 10
4
 1.75 x 10
2
 8.75 x 10
2
 >35 n.a. 3 >35 n.a. 3 
5 x 10
4
 7.0 x 10
1
 3.5 x 10
2
 >35 n.a. 3 >35 n.a. 3 
1 x 10
5
 3.5 x 10
1
 1.75 x 10
2
 >35 n.a. 3 >35 n.a. 3 
5 x 10
5
 7.0 3.5 x 10
1
 >35 n.a. 1 0 0 0 
1 x 10
6
 3.5 1.75 x 10
1
 >35 n.a. 1 0 0 0 
1 x 10
7
 3.5 x 10
-1
 1.75 0 0 0 0 0 0 
1 x 10
8







0 0 0 0 0 0 
PCR 
H2O 
0 0 0 0 0 n.a. n.a. n.a. 
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Table 6.3 Isolate D183 dilutions and mean Cp values; *= N is the number of positive replicates 
(out of three); the limit of detection is highlighted in bold.  
 Concentrations Dilutions in PCR H2O 

























stock 3.23 x 10
6
 1.615 x 10
7
 20.66 0.036 3 
   
x2 1.615 x 10
6
 8.075 x 10
6
 21.73 0.010 3 
   







22.76 0.056 3 
   
x5 6.46 x 10
5
 3.23 x 10
6
 23.10 0.025 3 
   
x10 3.23 x 10
5
 1.615 x 10
6
 24.12 0.042 3 23.96 0.003 3 
1 x 10
2
 3.23 x 10
4
 1.615 x 10
5
 27.47 0.119 3 27.42 0.074 3 
1 x 10
3
 3.23 x 10
3
 1.615 x 10
4
 30.86 0.058 3 30.77 0.020 3 
1 x 10
4
 3.23 x 10
2
 1.615 x 10
3
 34.77 0.402 3 34.65 0.308 3 
2 x 10
4
 1.615 x 10
2
 8.075 x 10
2
 >35 n.a. 3 >35 n.a. 3 
5 x 10
4
 6.46 x 10
1
 3.23 x 10
2
 >35 n.a. 3 >35 n.a. 3 
1 x 10
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Dilutions of D. septosporum DNA in PCR water or Corsican pine needle DNA produced very 
similar Cp values and standard curves with similar parameters (Figure 6.5).  The limits of 
detection for D. septosporum DNA diluted in water or Corsican pine needle DNA were also 
the same (Table 6.2 and Table 6.3).   
As D. septosporum is a haploid organism each cell nucleus contains only one set of 
chromosomes and thus one genome copy.  The amount of DNA in one cell was calculated as 
c. 31.91 fg: 
 
 
The limits of detection of the assay were c. 161.5 fg DNA (if 5 µl of 32.5 fg/ µl DNA were 
used), which is approximately equivalent to the amount of DNA in five D. septosporum cells 
(161.5 fg/31.91 fg = 5.06 cells).  The three extraction efficiency guide values of 10%, 30%, 
and 70% were used to extrapolate the limits of detection (five D. septosporum cells) to the 
number of actual cells in the sample prior to DNA extraction and purification thereby giving 
values of 50, 17, and 7 cells, respectively, in the original sample. 
 
 
6.3.2 Surveys of source stands and dominant wind direction 
Surveys of the source stands confirmed high levels of infection with crown infection 
generally 40-50% and defoliation c. 50% (Figure 6.7, Figure 6.8, and Figure 6.10).  Figure 
6.7, Figure 6.8, and Figure 6.10 display the crown infection (CI), defoliation (DE), and 
impact factor (IF) for the stands most likely to be the sources of inoculum in the experiments.   
Wind direction data from the Marham, Norfolk Meteorological Office Station (c. 25 km from 
the East Anglia sites) confirmed the dominant wind direction was from the southwest (Figure 
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Figure 6.6 Windrose of Marham, Norfolk wind direction data from May 2011 to July 2013 





















Figure 6.7 Rogate infected stand and trap locations.  Details of pine stands (shaded in red) are species, followed by planting year,  CI (Crown Infection), 
DE (Defoliation), and IF (Impact Factor), see main text for details.  
Ü
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Figure 6.8 Breckles Grange infected stand and trap plant locations.  Details of pine stands (shaded in red) are species, followed by planting year,  CI 
(Crown Infection), DE (Defoliation), and IF (Impact Factor), see main text for details.  
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Figure 6.10 Stow Bedon infected stand and trap plant locations.  Details of pine stands (shaded in red) are species, followed by planting year,  CI 
(Crown Infection), DE (Defoliation), and IF (Impact Factor), see main text for details.  
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6.3.3 Field trial 
Inevitably a number of traps were destroyed and a number of trees died.  Full details of all 
trap trees are given in Appendix D, Appendix E, and Appendix F.  Table 6.4, Table 6.5, and 
Table 6.6 summarize only the positive results for each of the three sites.  Trap locations that 
yielded positive samples for DNB are also highlighted on the maps of the sites (see Figure 
6.7, Figure 6.8, Figure 6.9, and Figure 6.11).  The control plants kept at Alice Holt remained 
free of any symptoms.   
The intra-stand traps suffered early mortality due to water and light stress under the canopy 
of the stand.  Nevertheless the plants survived long enough to become infected by D. 
septosporum and showed clear symptoms on the dead needles.  Visual analysis of a subset of 
the intra-stand trap needles revealed that from the Stow Bedon site 69% ± 2.1 (1 s.e.) of 2010 
needles and 39% ± 27.3 (1 s.e.) of 2011 needles were infected.  The Breckles Grange intra-
stand trap showed clear infection on 55% ± 2.7 (1 s.e.) of 2010 needles and 53% ± 5.5 (1 s.e.) 
of 2011 needles.  These data compare well with the survey results of the stands (Figure 6.7, 
Figure 6.8, and Figure 6.10) in which the main Stow Bedon stand had a crown infection of 
40% while the main Breckles Grange stand had a crown infection of 53%. 
At the Rogate site, the maximum distance from the infected stand that D. septosporum was 
identified through microscopy and culturing techniques was 44 m, yet molecular methods 
detected it at 194 m from the stand.  At the Breckles Grange site only the intra-stand plants 
revealed fruit bodies, yet the pathogen was detected up to a maximum of 981 m from the 
infected stand using rtPCR.  For the final site, Stow Bedon, these figures were 624 m and 
1,799 m respectively.  However, at this site another stand of pine occurred closer to these trap 
plants (373 m and 1,436 m respectively) although D. septosporum infection in this stand was 
negligible.   
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Table 6.4 Rogate Trial Results; 1 = positive results given with mean Cp value and Standard 
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Table 6.5 Breckles Grange Results; 1 = positive results given with mean Cp value and Standard 
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Table 6.6 Stow Bedon Results; 1 = positive results given with mean Cp value and Standard 
Error of Cp value in parentheses; 2 = Distance to closest pine stand given first, distance to main 
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6.4 Discussion 
Determination of the limits of detection of the rtPCR assay together with estimated DNA 
extraction efficiencies allowed the suitability of the diagnostic procedure to be assessed.  
From this study the rtPCR assay was found to be highly efficient and sensitive.  A perfect 
amplification has an efficiency of 2, as the target DNA would double with each cycle, yet this 
is rarely achieved in reality (Roche, 2012).  The accuracy of a quantification result from a 
standard curve can be measured by the error value of the curve, with an error value of <0.2 
deemed acceptable (Roche, 2012).  Thus in this study both the efficiency and accuracy of the 
assay proved to be well within the acceptable ranges with a negligible error and near perfect 
efficiency.  These properties held true for dilutions of the DNA in both water and Corsican 
pine needle DNA with the limits of detection also remaining unaffected by Corsican pine 
needle DNA.  Therefore, the presence of Corsican pine needle DNA did not affect the 
efficiency, accuracy or sensitivity of the assay, which detected the equivalent of c. five D. 
septosporum cells in a sample.  Taking into account a reasonable, yet conservative, DNA 
extraction efficiency of 30%, the whole diagnostic procedure, from DNA extraction and 
purification to rtPCR amplification, was able to detect approximately 17 actual D. 
septosporum cells in the original sample.  If a lower value of only 10% or a higher value of 
70% extraction efficiency are considered the number of cells is 50 and 7, respectively.  This 
finding demonstrates that the overall diagnostic procedure was ideal for the current work as 
the number of detectable cells was of a biologically meaningful quantity.  Detection of only 
one cell (e.g. one target copy) is theoretically possible but would not be particularly relevant 
in this study as a single conidium of D. septosporum has between two to six (usually three to 
four) cells, making such low levels of DNA detection difficult to interpret in an 
epidemiological sense. The levels detectable in this study represent the quantities found in a 
number of spores, or, more probably, from numerous mycelial cells in an infected needle.  
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Therefore, the positive samples detected, even at the limits of detection, are most likely to be 
from active infections.  This finding indicates that not only are spores able to reach the 
distances to the traps naturally, they are also able to germinate and infect the host.  
The maximum distance at which D. septosporum was found was 1,799 m from the main 
infected stand, where the infection was most likely to have come from.  A pine stand 
occurred 1,436 m from the trap but only minimal DNB symptoms were seen there, hence 
inoculum from this stand would have been of minor significance.  Indeed, D. septosporum 
infection was found at a number of points considerable distances from pine stands.  This 
result suggests that spread is not only by straightforward rain splash, which is the main 
process within a stand.   Gibson, Christensen & Munga (1964), who found infection could 
spread to 274 m from an infected stand, also realized that rain splash was not the only means 
of dissemination and suggested that conidia could become truly airborne and be spread by 
wind.   
Spread of a pathogen is composed of inoculum release, take-off, transport and deposition 
(Aylor, 1990).  DNB conidia are surrounded by a mucilaginous mass which absorbs water 
when atmospheric relative humidity is high (Evans, 1984; Fitt, McCartney & Walklate, 
1989).  This process causes the mucilage to swell and forces the conidia out of the acervulus.  
Upon wetting, e.g. with rainfall, the mucilage dissolves and the conidia are spread onto the 
surface of the needle in a thin layer of water (Gibson, Christensen & Munga, 1964; Fitt, 
McCartney & Walklate, 1989). When raindrops, or drips from foliage, impact this surface 
film the impact (or splash) droplets contain conidia.  Droplets of a diameter down to 50 µm 
have been estimated to be able to contain D. septosporum conidia (Gibson, Christensen & 
Munga, 1964).  The impact droplets vary in size depending on the size and speed of the initial 
droplet, and the thickness of the surface film (Gregory, Guthrie & Bunce, 1959; Fitt, 
McCartney & Walklate, 1989) and many thousands of impact droplets can be formed from a 
Local Dispersal of Dothistroma septosporum 
  162 
single large initial droplet (Gregory, Guthrie & Bunce, 1959; Fitt, Lysandrou & Turner, 1982; 
Fitt & Lysandrou, 1984).  Many of the droplets are small with Gregory, Guthrie & Bunce 
(1959) reporting a median diameter of 62 - 75 µm and Fitt & Lysandrou (1984) concluding 
that 60% were under 100 µm. Larger impact droplets will sediment out of the air quickly and 
travel only short distances whilst smaller droplets can travel larger distances, with those 
under 100 µm likely to evaporate quickly, leaving truly airborne conidia (Fitt, McCartney & 
Walklate, 1989). The results of Xie, Li, Chwang, et al. (2007) suggest that at 90% relative 
humidity all droplets with a diameter less than 60 µm would completely evaporate during a 2 
metre fall.  Taken together, the works of these authors illustrate that a proportion of D. 
septosporum conidia are likely to be airborne and capable of being dispersed out of the stand 
by wind, a hypothesis that is supported by the results obtained here. 
Simple empirical models of spore transport and infection severity predict that disease severity 
decreases with increasing distance from infection foci, with distance being the sole factor 
(Aylor, 1990).  These models work well for strictly splash dispersed pathogens, and the 
results of this study support this simple model over small distances.  At each of the three sites 
the closest trap position to the stand was infected, as were the intra-stand traps.   
Physical models of spore transport and disease spread are more complex and take into 
account meteorological factors (Aylor, 1990).  When conidia become truly airborne the 
distances they travel are more influenced by wind speed, direction, turbulence, eddies, and 
temperature inversions than by distance alone.  It is well recognized that wind plays a role in 
the spread of mainly splash dispersed spores and that rain plays a part in the spread of mainly 
wind borne spores (Fitt, McCartney & Walklate, 1989; Aylor, 1990).  Gibson, Christensen & 
Munga (1964) found D. septosporum conidia 305 cm above the top of the canopy of a 
heavily infected stand.  This finding indicates that the conidia are moved vertically out of the 
canopy where they would be subject to dispersal by wind or, as suggested by Gibson, 
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Christensen & Munga (1964), could be incorporated into clouds and transported long 
distances.  Ferrandino (1993) discussed the ability of spores that escape from the canopy to 
travel much greater distances than those spores which stay within the canopy. 
Once the inoculum is deposited it must be in contact with a susceptible host and 
environmental conditions must be suitable for germination and infection. Trap plants are 
unable to provide information on the numbers of spores arriving at a specific location, as can 
be assessed by volumetric or passive spore traps, but their advantage lies in only assessing 
viable spores capable of natural infection under field conditions.  When measuring the spread 
of a disease this is the pertinent fact.  Spores may be transported extremely long distances, 
but for the disease they cause to spread they must also be viable and capable of infection.  In 
this study most of the trap plants remained uninfected, due to either no viable inoculum 
reaching the trap position, or conditions at the trap not being appropriate for germination and 
infection.   
Gibson, Christensen & Munga (1964), working with trap plants of a similar size at set 
distances from an inoculum source in a non-host stand, found infection was higher in open, 
cleared rides than in uncleared rides with undergrowth.  They concluded that the undergrowth 
acted as a barrier to infection.   In the current experiment many of the traps were surrounded 
by tall grass and annuals by the end of each season.  These could have prevented some spores 
from reaching the trap plants.  However, this effect was probably minimal as early in the 
season, when most infection takes place (see section 3.4), height of the surrounding 
vegetation was relatively low.  Only later in the season, when less infection takes place, did 
vegetation extend enough to act as a barrier.  Nonetheless, whilst acting as a barrier to spores, 
surrounding vegetation could also improve the microclimate of the trap for any spores 
already present or able to reach the plants.  Surrounding vegetation would decrease air flow, 
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increasing temperature and relative humidity, all of which would be conducive to 
germination and infection by D. septosporum.   
Many examples exist of true long range movement of spores.  They include cases of plant 
pathogens being transported between or across continents, but are dominated by diseases with 
primarily wind dispersed spores, such as rusts, mildews and moulds (Brown & Hovmøller, 
2002).  Long distance dispersal is characterized by its strongly stochastic nature (Brown & 
Hovmøller, 2002) and this also applies to medium distance, or local, dispersal.  Expansion of 
a disease does not necessarily, in fact it does not often, progress steadily from an infection 
focus like a wave - the result of a classical disease gradient (Ferrandino, 1993; Zawolek, 
1993; Shaw, 1994). It can stochastically ‘jump’ to produce secondary infection foci 
(Zawolek, 1993; Shaw, 1994).  These secondary infection foci subsequently expand in a 
wavelike fashion like the original infection focus and can produce secondary infection foci of 
their own (Zawolek, 1993; Shaw, 1994).  On a small scale this is illustrated by the current 
study.  Not all of the trap positions became infected, many were free of infection, yet a small, 
random selection of positions were infected many hundreds of metres from the inoculum 
source, much further than pure rain splash could spread conidia.  In the reality of forest 
management hosts would not be a few potted plants covering c. 0.30 m2, but many hectares of 
a susceptible host planted in monoculture.  Once arrived in such a location the pathogen 
could quickly spread within the stand by rain splash and then, potentially, on to the next stand 
by another stochastic wind aided dispersal event.  They would therefore become the 
secondary foci of infection. 
The distances D. septosporum spreads under natural conditions were found to be over five 
times those previously reported by Gibson, Christensen & Munga (1964), and are over two 
and a half times the current disease free radius (i.e. the ‘immediate vicinity’) required around 
a pine producing forest nursery.  Furthermore, the infection levels were low and difficult to 
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detect i.e. no fruit bodies found on distant trap plants and many ambiguous symptoms.  
Without impractical, intensive, time consuming and costly sampling and molecular methods 
such levels of infection could surely be missed in plant health inspections, leading to the 
ensuing ramifications of planting out infected nursery stock.  The results call for a serious 
reassessment of not only the distances around nurseries required to be free of DNB symptoms 
but also forest stand planting strategies.  The disease can clearly move further and faster than 
previously thought.  Therefore, allowing the planting of susceptible stock in the vicinity of a 
diseased stand is risky and counterproductive in the long term for not only the stand, but the 
entire forest.  This study adds to our current disturbingly sparse knowledge of how to define 
the ‘immediate vicinity’ for D. septosporum. 
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Chapter 7 Population structure and reproductive mode of 
Dothistroma septosporum in the Brittany peninsula of France 
7.1 Introduction 
Molecular epidemiology and population genetics make use of molecular techniques to 
investigate questions difficult or impossible to answer using traditional epidemiological 
methods.  By exploring the genetic structure of a pathogen, defined as ‘the amount and 
distribution of genetic variation within and among populations’(McDonald & Linde, 2002), 
many issues such as the occurrence and spread of virulent strains, resistance to fungicides, 
and overcoming of plant defence mechanisms can be studied in addition to broader 
evolutionary questions (Gladieux, Byrnes, Aguileta, et al., 2011).  Finer scale questions can 
also be addressed such as determining the source of inoculum of an epidemic, elucidating 
pathogen migration,  dispersal levels and distances on both a large scale (e.g. continents and 
countries) and small scale (forest stands and trees) and ascertaining whether sexual 
recombination of the pathogen is taking place (Hamelin, 2006).  One of the most robust 
methods in population genetics for fungi is the use of MLMT (multilocus microsatellite 
typing) which examines variation across a number of gene regions, or loci (Gladieux, Byrnes, 
Aguileta, et al., 2011).   Microsatellites, also called STRs (short tandem repeats) and SSRs 
(simple short repeats), are tandem repeats of 2-6 nucleotides which are highly polymorphic 
(Tautz & Renz, 1984), and they are one of the most powerful tools available for the 
investigation of population structure (Balloux & Lugon-Moulin, 2002). 
DNB is caused primarily by the anamorphic fungi D. septosporum and D. pini.  The 
teleomorph of D. septosporum (Mycosphaerella pini) has only been observed in 
comparatively few countries around the world: Canada (British Columbia) (Funk & Parker, 
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1966), the USA (California, Oregon, and  Alaska) (Cobb, Uhrenholdt & Murray, 1968; 
Peterson & Harvey, 1976; Peterson, 1982), France (Morelet, 1967), Romania (Gremmen, 
1968), Germany (Butin & Richter, 1983), Serbia (Karadžić, 1989b), Poland (Kowalski & 
Jankowiak, 1998), Portugal (Fonseca, 1998), Denmark (Munk, 1957), Honduras, Costa Rica, 
and Jamaica (Evans, 1984).   Its occurrence has been a rare note in most of these locations 
with more frequent observations in only two of these countries, Canada and Serbia.  Indeed 
the teleomorph of D. pini, the other species causing the disease, has never been observed.  
Nevertheless DNB is present around the world, on every continent where pine trees are 
present, often causing significant disease.  It is due to this disease that large scale planting of 
certain pine species has ceased in East Africa (Gibson, 1972) and it is considered the major 
threat to pine in many countries around the world, including Great Britain.   In France the 
disease was first noted in 1967, yet close inspection of herbarium specimens suggests the 
pathogen has been present since at least 1907 (Morelet, 1967; Fabre, Ioos, Piou, et al., 2012).  
Both species causing dothistroma needle blight are present in France, although little is known 
about the structure of their populations, diversity or origin. 
When only the anamorphic stage of a fungus is observed it suggests a mainly clonal lifestyle. 
For many plant pathogenic fungi the anamorph is key to epidemics.  It is able to reproduce 
rapidly, often many times in one season, and can cause tremendous levels of disease 
(McDonald & Linde, 2002).  Yet if a pathogen is entirely clonal, disease management can be 
facilitated as the limited number of genotypes can allow combative measures (e.g. breeding 
for resistance, treatment with fungicides) with little risk that the pathogen will overcome 
these measures (e.g. by spread of virulence, fungicide resistance) (McDonald & Linde, 2002).  
In contrast pathogens that regularly undergo sexual recombination are able to rapidly 
assemble novel combinations of genes (e.g. virulence and fungicide resistance genes).  
Pathogens with a mixed mating strategy pose the highest risk as sexual recombination 
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assembles novel gene combinations which are tested in various environments, the fittest of 
these combinations are then kept together and spread rapidly through asexual reproduction 
(McDonald & Linde, 2002).  In certain areas where the teleomorph is known to be present 
(e.g. Canada) it has been shown that D. septosporum has a mixed mating strategy (Dale, 
Lewis & Murray, 2011). However, given the sparse observations of the teleomorph the 
prevalence of such a mixed mating strategy is unknown.  A small number of studies has been 
conducted over fairly large geographical areas (Dale, Lewis & Murray, 2011; Drenkhan, 
Hantula, Vuorinen, et al., 2012; Tomšovský, Tomešová, Palovčíková, et al., 2013) but none 
has looked closely at how the pathogen acts within a stand and how the reproductive strategy 
and genetic structure of the fungus vary from stand to stand within a region. 
The purpose of this study was i) to investigate the clonality of the pathogen at a number of 
sites across Brittany, ii) to determine whether random mating or sexual reproduction was 
taking place within the forest plantations, and iii) to explore the population structure of the 
pathogen across the region to determine whether a single population, as opposed to several 
host or location specific populations, were present. 
7.2 Materials and methods 
7.2.1 Sample collection and fungal isolation 
Six forest plantation sites across Brittany were intensively sampled in August 2012 (Figure 
7.1).  Sites A, B, and C were mixed Scots (P. sylvestris) and maritime (P. pinaster) pine, 
while sites E, F, and G were Corsican pine (P. nigra subsp. laricio).  Five to nineteen trees, 
separated by c. 5-10 m, were sampled at each site along transects. Ten to twenty needles with 
visible Dothistroma fruiting bodies were collected from each tree.  Isolation methods are 
outlined in section 2.1. Table 7.1 details the host species and number of isolates from each 
site. 
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Figure 7.1 Map of Brittany with collection sites. Pie charts represent frequency of alleles 
in each Structure cluster at each site.  
7.2.2 Molecular methods 
DNA extraction, mating type determination, microsatellite allele scoring, and data analysis 
methods are detailed in section 2.2 and 2.3.  Only additional and specific programme settings 
are detailed below.   
Twenty independent runs of K=1-10 were carried out in Structure 2.3.4 (Falush, Stephens & 
Pritchard, 2003), with each run having a burnin of 10,000 iterations followed by 50,000 data-
collecting iterations. Structure Harvester (Earl & vonHoldt, 2012) was used to determine the 
optimal number of K. The Greedy algorithm was implemented in Clumpp (Jakobsson & 
Rosenberg, 2007) with 10,000,000 random permutations to create a mean cluster coefficient 
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matrix from all K=3 Structure runs aligned to the permutation with the highest H-value.  The 
Distruct programme (Rosenberg, 2004) was used to visualize the Clumpp output. 
Calculations for allelic richness (AR) and private allele richness (PAR) in ADZE (Szpiech, 
Jakobsson & Rosenberg, 2008) were standardized to a uniform size corresponding to the size 
of the smallest group; six multilocus haplotypes (site C) for the site calculations, and four 
multilocus haplotypes (west CP cluster) for the Structure cluster calculations. 
Hierarchical Analysis of Molecular Variance (AMOVA) was carried out to test various 
hypotheses of population differentiation using Arlequin 3.5.  The sites were grouped by 
region of Brittany (east, centre, west), by host species (Scots and maritime pine mix vs. 
Corsican pine), and by the predominant Structure cluster for the site.  To examine the 
relationship between genetic and geographic distance (isolation-by-distance) Mantel tests 
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7.3 Results 
A total of 282 isolates were cultured and analysed with 81 unique multilocus haplotypes 
identified based on mating type and 11 microsatellite loci, with some of the multilocus 
haplotypes occurring at more than one site. All isolates were D. septosporum; no D. pini was 
found.  All loci were polymorphic with a total of 73 different alleles detected.  The number of 
alleles at each locus ranged from only 2 at Doth_O to 13 at Doth_L, with an average value of 
3.6 (±1.7 SD).  A plot of gene diversity against the number of loci shows that 6 markers 
accounted for 99% of the variation, confirming that the 11 markers used were sufficient for 
population genetic analyses (analysis performed in Multilocus 1.3, Figure 7.2). 
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7.3.1 Clustering results 
The clustering algorithm implemented in Structure supported three clusters (Figure 7.3). Sites 
generally fell into one cluster with the three mixed Scots and maritime pine sites (sites A, B 
and C) predominantly belonging to one cluster, named the Scots and maritime cluster.  The 
two closely located Corsican pine sites (sites D and E) largely fitted into a second cluster, 
named the central CP cluster.  The third Corsican pine site (site F) primarily belonged to a 
third cluster, named the west CP cluster.  Figure 7.4 displays the membership coefficients of 
each isolate in the three Structure clusters.  Sites contained low numbers of isolates from all 
clusters, with the exception of site C.  Isolates tended to have high membership in one cluster, 
with over 80% of isolates having a membership coefficient of 0.8 or above.  However, some 
admixture is clearly visible in Figure 7.4 with the genomes of some isolates partitioned 
between two or even three clusters. Interestingly, the central CP cluster contained only four 
different clones (Table 7.3) with 80 of the 83 isolates the same clone.   
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Figure 7.3 Plot of Delta K vs K of Structure analysis, showing K=3 as the most probable 
number of clusters.  









                                                                                                                                                                                                                                                                                    
Figure 7.4 Bayesian clustering of 282 D. septosporum multilocus haplotypes from Brittany inferred using the programme Structure. Each 
isolate is represented by a vertical line partitioned into three coloured sections that represent the isolate’s estimated membership fractions in 
each cluster. Differences in colour within a vertical line indicate affiliation to multiple clusters of an individual haplotype, i.e. admixture.  
Black lines separate isolates collected from different sites.  
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The PCoA confirmed the clusters formed by Structure.  Figure 7.5 shows the PCoA of the 
data which separated out sites A, B and C from D and E, and these from F.  The first 
principal coordinate accounted for 83.17% of the variation, and the second for 11.09%. PCoA 
undertaken using Nei’s genetic distance had very similar results with the first and second 
principal coordinates accounting for 57.00% and 16.22% of the variation, respectively.  
PCoA does not rely on any assumptions of random mating or linkage equilibrium among loci, 
therefore the results confirm the Structure groupings are not anomalies due to violation of 
some of the programme’s assumptions. 
 
 



























First Principal Coordinate 
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7.3.2 Genetic Variation and Random Mating  
Haplotypic diversity was high at most sites, ranging from 0.40 to 0.96 (Table 7.1), indicating 
a large number of different individuals, consistent with some degree of recombination 
occurring. Yet the clonal fraction was also high, ranging from 46% to 85% (Table 7.1), 
demonstrating the importance of asexual reproduction in the sites.  All tests, IA,   r d  and 
PTLPT, using both clone corrected and non-clone corrected datasets were significant, 
suggesting a highly clonal structure and clearly refuting the possibility of random mating 
(Table 7.2). 
When isolates were allocated to Structure clusters by their highest membership coefficient 
indices changed predictably (Table 7.3).  Allelic richness decreased slightly and private allele 
richness increased slightly, with haplotypic diversity still high in two of the three clusters.  
Random mating was refuted in two of the three clusters (Table 7.4). However, in the central 
CP cluster the PTLPT suggested random mating with both non-clone corrected and clone 
corrected data sets, while the IA and   r d  suggested random mating in the clone corrected data 
set only. 
 
7.3.3 AMOVA and Isolation-by-distance 
Hierarchical AMOVA revealed that most of the variance (>90%) was distributed within the 
sites (Table 7.5).  No significant population differentiation was found when populations were 
grouped according to region (east, centre, west of Brittany), or by host species (Scots and 
maritime mix vs. Corsican pine).  Whereas when the Structure clusters were used to allocate 
each site to a group (effectively splitting the Corsican pine sites into two groups), significant 
population differentiation occurred (Table 7.5). 
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Mantel tests for isolation-by-distance showed no significant correlation between Nei’s 
genetic distance and geographic distance (R
2
 = 0.0315, p = 0.298) or between Nei’s unbiased 
genetic distance and geographic distance (R
2
 = 0.0015, p = 0.494).  Furthermore, no 
correlation was found when the Log of the geographic distance was used with Nei’s genetic 
distance (R
2
 = 0.0253, p = 0.308) or Nei’s unbiased genetic distance (R2 = 0.00003, p = 
0.512).  To examine the possibility of isolation-by-distance within the Structure clusters, as 
opposed to sites in their entirety, as suggested by Meirmans (2012), the only cluster that 
spanned a large geographic area was used (Scots and maritime cluster). Again, no significant 
correlation was found between geographic distance and Nei’s genetic distance (R2 = 0.1752, 











Table 7.1 Summary of site host species, isolate numbers and genetic variability of D. septosporum used in this study. 
Haplotypic diversity calculated using non-clone corrected dataset.  Gene diversity, allelic richness (AR) and Private allele richness (PAR) 




















AR ± standard 
error 
PAR ± standard 
error 
A 
P. sylvestris and 
P. pinaster 
48 26 0.962 0.458  0.622 3.037 ±0.315 0.584 ±0.163 
B 
P. sylvestris and 
P. pinaster 
52 25 0.947 0.519  0.550 2.808 ±0.371 0.328 ±0.132 
C 
P. sylvestris and 
P. pinaster 
17 6 0.654 0.647  0.547 2.700 ±0.367 0.365 ±0.145 
D P. nigra subsp. laricio 52 8 0.403 0.846  0.600 3.061 ±0.433 0.216 ±0.111 
E P. nigra subsp. laricio 52 9 0.507 0.827  0.530 2.532 ±0.325 0.006 ±0.003 
F P. nigra subsp. laricio 61 17 0.830 0.721  0.434 2.333 ±0.321 0.116 ±0.074 





Table 7.2 Random mating tests for D. septosporum isolates at six sites in Brittany 
 
Values of index of association (IA) and   r d  obtained after 1,000 randomizations in Multilocus 1.3b. Values for parsimony tree-length 
permutation test (PTLPT) obtained after 1000 randomizations, dataset generated by Multilocus 1.3b, parsimony analysis in PAUP 4.0b10.   
a
 L observed = the observed length of the tree generated from parsimony analysis. The number in parentheses is the number of most 
parsimonious trees found. 
b




Non-Clone Corrected Clone Corrected 
Non-Clone Corrected PTLPT 
 






IA   r d  
p-value 
(IA and 





IA   r d  
p-value 
(IA and 





















A 19:28 1.347 0.136 < 0.001 11:14 0.418 0.042 < 0.001 85 (3) 155 <0.001 83 (1) 94 <0.001 
B 13:39 1.271 0.129 < 0.001 8:17 0.376 0.038 0.002 74 (2) 135 <0.001 75 (2) 80 <0.001 
C 1:16 5.486 0.561 < 0.001 1:5 1.281 0.132 0.01 20 (5) 29 <0.001 20 (3) 20 0.024 
D 48:4 6.018 0.638 < 0.001 5:3 1.136 0.119 0.002 31 (3) 43 <0.001 31 (5) 30 0.018 
E 42:10 5.946 0.664 < 0.001 5:4 0.858 0.096 0.001 27 (2) 61 <0.001 27 (2) 26 0.008 
F 7:54 1.825 0.192 < 0.001 6:11 0.984 0.100 < 0.001 38 (3) 65 <0.001 38 (2) 37 0.003 

















AR ± standard 
error 
PAR ± standard 
error 
Scots and maritime 104 52 0.975 0.500 0.571 2.356 ±0.191 0.946 ±0.202 
Central CP 83 4 0.071 0.952 0.364 1.727 ±0.141 0.545 ±0.117 
West CP 95 26 0.902 0.726 0.421 1.868 ±0.191 0.598 ±0.218 
Haplotypic diversity calculated using non-clone corrected dataset.  Gene diversity, allelic richness (AR) and Private allele richness (PAR) 
calculated using clone corrected dataset.  AR and PAR were standardized to the smallest clone corrected sample size of four (Central CP cluster). 
  







Table 7.4 Random mating tests for D. septosporum isolates within Structure clusters 
 
Values of index of association (IA) and   r d  obtained after 1000 randomizations in Multilocus 1.3b. Values for parsimony tree-length permutation 
test (PTLPT) obtained after 1000 randomizations, dataset generated by Multilocus1.3b, parsimony analysis in PAUP.   
a
 L observed = the observed length of the tree generated from parsimony analysis. The number in parentheses is the number of most 
parsimonious trees found. 
b




Non-Clone Corrected Clone Corrected 
     
PTLPT 








IA   r d  
p-value 
(IA and 















IA   r d  
p-value 
(IA and 













28:75 0.881 0.089 < 0.001 146 (1) 290 <0.001 19:32 0.335 0.034 < 0.001 145 (1) 164 <0.001 
Central CP 82:1 2.602 0.325 < 0.001 9 (1) 9 1 3:1 0.889 0.111 0.152 9 (1) 9 1 
West CP 20:75 1.045 0.110 < 0.001 52 (1) 123 <0.001 9:17 0.263 0.027 0.022 54 (3) 52 0.013 
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Table 7.5 Hierarchical analysis of molecular variance (AMOVA) for D. septosporum 
grouped by region of Brittany, by host species and by main Structure clusters of the 
sites. * p<0.05, *** p<0.01.  








east vs. centre vs. west Brittany  
 
2 0.062 Va 2.07 0.393 
Within groups 3 0.144 Vb 4.84 0.019* 
Within sites 85 2.759 Vc 93.08 0.000*** 
Total 90 2.964   
Scots pine and maritime pine vs. 
Corsican pine 
1 0.268 Va 8.75 0.107 
Within host species 4 0.035 Vb 1.14 0.144 
Within sites 85 2.759 Vc 90.11 0.000*** 
Total 90 3.061   
Site allocations by Structure - Scots 
pine and maritime pine sites (A, B, 
C) vs. Corsican pine sites D and E 
vs. Corsican pine site F 
2 0.278 Va 9.15 0.017* 
Within groups 3 0.004 Vb 0.13 0.492 
Within sites 85 2.759 Vc 90.72 0.000*** 
Total 90 3.041   
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7.4 Discussion 
Using microsatellite markers D. septosporum was shown to have three population clusters in 
Brittany.  These clusters were not restricted to, but were predominant on particular host 
species or in particular locations.  Isolates from individual sites were considered to be current, 
biologically meaningful populations, i.e. organisms of the same species that occupy the same 
geographical region (McDonald, 2004), whilst the Structure clusters can be considered as 
representing source or ancestral populations.  In all population groupings the pathogen’s 
primary mode of reproduction was clonal, with high clonal fractions and only limited 
evidence of random mating in one population grouping.  
That random mating was refuted is consistent with the epidemic nature of the disease and the 
fact that the teleomorph has never been observed in Brittany.  Nonetheless the observations 
of linkage disequilibrium can have a number of possible explanations.  For example, the 
results could simply be an artefact of sampling time. The anamorph is found throughout most 
of the year over a wide range of conditions (Funk & Parker, 1966; Cobb, Uhrenholdt & 
Murray, 1968; Evans, 1984; Karadžić & Milijašević, 2008).  Conversely, the teleomorph is 
believed to be the more saprophytic stage of the fungus as it is found on older, often senesced 
needles (Evans, 1984; Butin, 1985; Karadžić, 2004), thus it would presumably be found after 
periods of peak needle drop but before the needles are overly degraded.  This suggestion is 
supported by Funk & Parker (1966) who reported that the teleomorph was found over a much 
more limited time than the anamorph.  Hence this can be expected to lead to an excess of 
clones and asexually derived infections throughout most of the year and thus the refuting of 
random mating by the association and parsimony tree length tests found in this study.  If 
sampling had been carried out at a time conducive to the formation of the teleomorph, if it 
was indeed forming, it can be expected that diversity would have been higher, clonal fraction 
lower, and tests of random mating possibly positive.  A simpler way to detect this would be 
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to resample the same sites the following year.  If indeed no random mating or sexual 
recombination was occurring the same haplotypes would be isolated.  If sexual recombination 
took place at some point between the sampling periods the change in haplotype composition 
would reflect this.  With significant sexual recombination over a short period, between many 
asexual cycles, no (or very few) clones would be conserved across the sexual cycle (Brown & 
Wolfe, 1990).   
Another possibility is that the occurrence of linkage disequilibrium is caused by deviation 
from random mating due to mating between related individuals in small populations or in 
restricted areas (Milgroom, 1996; McDonald, 2004).  The spread of D. septosporum is 
heavily aided by man (Jankovský, Bednářová & Palovčíková, 2004; Bednářová, Palovčíková 
& Jankovský, 2006) and evidence suggests the predominant propagules (conidia) are 
naturally dispersed only limited distances, therefore once a few haplotypes become 
established in a forest stand mating would be between the original colonizers in the restricted 
area of the stand.  Factors other than reproductive mode can also affect linkage 
disequilibrium such as selection, gene flow and drift (Milgroom, 1996).  For gene flow to 
exert an impact fairly large numbers of individuals from populations with different allele 
frequencies would need to immigrate (Milgroom, 1996).  The clustering analysis showed this 
not to be the case, although a low number of immigrants occured.  However, genetic drift is 
important in small populations or those derived from founder events, which is possibly the 
case in the sites studied. 
The presence of isolates from a number of different Structure clusters at the same sampling 
sites suggests that the populations are not completely isolated.  There are three likely sources 
of individuals that do not fall into the main cluster of the site. Firstly, they could have spread 
the long distances from the other sampled sites. Secondly, they could have spread from more 
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local, unsampled sites which fall into the same cluster as the more distant sites.  Thirdly, they 
could have been introduced to the site at the same time as the individuals from the main 
cluster (e.g. with planting stock).  Sampling of more stands in the vicinity of the sites would 
reveal if spread was more likely to be over relatively short (hundreds of metres to a few 
kilometres) or extremely long (tens to hundreds of kilometres) distances, and thus the most 
likely source of these individuals.  
Although refuting random mating the results also show some degree of admixture, with some 
haplotypes belonging to more than one Structure cluster.  This finding is highly suggestive of 
some degree of recombination within the sites, although this appeared to be very limited.  
Low levels of admixture, as well as low gene diversity and high clonality, in the central CP 
cluster may be explained as this cluster being a relatively recent introduction into Brittany.  
Conversely, higher levels of admixture, and gene diversity, in the west CP and Scots and 
maritime cluster may be explained by these clusters being present for a longer time than the 
central CP cluster.  That individuals from the west CP cluster occurred in all other sampled 
sites may support this explanation.  Alternatively it may be due to preferential dispersal 
(naturally by western winds or by man) or slightly higher virulence.  Interestingly, this cluster 
was predominantly found at a site only c. 10 km from the site of the initial introduction of 
Corsican pine into Brittany (Casey, 2003). 
As previously stated, the asexually produced conidia of Dothistroma are primarily rain splash 
dispersed and therefore usual dispersal distances are limited (Rogerson, 1953; Peterson, 
1967*; Gibson, 1972; Peterson, 1973*; Karadžić, 1989b).  The sexually derived ascospores 
on the other hand are believed to be wind dispersed allowing dispersal over much greater 
distances (FAO, 2008).  The random mating tests, high clonal fractions, and broad 
conformity of the sites to single clusters support predominantly asexual reproduction.  
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However, the presence of individuals at sites from clusters non-principal to the site lends 
additional support to occasional sexual reproduction and the production of wind dispersed 
ascospores able to spread the greater distances between sites.  Thus low levels of better 
dispersed ascospores could explain the presence of small numbers of individuals from other 
clusters at the sites. 
If a species is naturally distributed over a wide geographical range the individuals closer to 
one another are often more genetically similar to each other than to those further away.   The 
Mantel isolation-by-distance tests found this not to be the case in this study overall. If the 
Structure clusters represent populations present for long periods of time in Brittany one 
would expect a certain degree of isolation-by-distance within individual clusters between 
sites containing representatives of them.  This possibility could only be tested in the Scots 
and maritime cluster which had representatives in a number of sites spread across the 
peninsula.  The lack of correlation between geographic and genetic distance points to either a 
panmictic population (contradicted by other tests in this study) or a relatively recent, in 
evolutionary terms, incursion by this cluster into the area.  Grouping of the isolates by region 
(AMOVA) was also not supported, matching the lack of isolation-by-distance.  An alternative 
grouping by host species did not account for significant variation either.  This result is most 
likely due to isolates from Corsican pine forming two distinct clusters.  Therefore, neither 
location nor host species was a major factor in the pathogen’s identity in this study.  This 
finding lends support to the hypothesis that the major determining factor in the identity of the 
pathogens is source of infection, most likely infected planting stock.  Nevertheless, the 
presence of individuals from multiple clusters at single sites and admixture between clusters 
indicates a certain degree, albeit limited, of pathogen movement and recombination.  
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Although infrequent sexual reproduction seems to be occurring in populations in Brittany, 
reproduction is mainly asexual.  This finding contrasts with studies of D. septosporum 
reproduction mode in other countries.  Dale, Lewis & Murray (2011) described a more mixed 
mode of reproduction in British Columbia, Canada, as did Tomšovský, Tomešová, 
Palovčíková, et al. (2013) in the Czech republic and Drenkhan, Hantula, Vuorinen, et al. 
(2012) in Estonia.  Haplotypic diversity was slightly lower in Brittany than in these three 
other studies, which is expected given the more clonal nature of the pathogen in Brittany.  
Interestingly, gene diversity was higher in sites in Brittany (0.434 to 0.622) than in sites in 
British Columbia (0.219 to 0.390) (Dale, Lewis & Murray, 2011), although this result could 
be due to the different methods employed (AFLPs in the Dale, Lewis & Murray (2011) 
study). However, gene diversity was similar in Structure clusters in Brittany (0.421 to 0.571) 
to those found in the Czech Republic (0.494 and 0.649) (Tomšovský, Tomešová, 
Palovčíková, et al., 2013).   
In conclusion, D. septosporum isolates from Brittany formed three main population clusters 
not organized strictly by host or location.  Random mating was refuted in all sites and all but 
one population cluster and the high clonal fraction supported a mainly asexual mode of 
reproduction of the pathogen in Brittany.  Nevertheless, high haplotypic diversity, a degree of 
admixture between clusters, and tests indicating random mating in one cluster attest to the 
presence of infrequent sexual recombination taking place.  Low levels of sexual 
recombination are known to have a large effect on population structure (Burt, Carter, Koenig, 
et al., 1996; Milgroom, 1996) and from this study D. septosporum can be thought of as 
having a mixed mating strategy in Brittany, with the emphasis predominantly on clonal 
reproduction.  
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Chapter 8 The Population Structure of Dothistroma septosporum 
in Britain 
8.1 Introduction 
Dothistroma needle blight (DNB) was first recorded in Britain in the early 1950s in Wareham 
nursery, Dorset (Murray & Batko, 1962).  Eradication was attempted but sporadic outbreaks 
occurred in the nursery throughout the 1950s and 60s (Brown, Rose & Webber, 2003)  The 
first recorded forest stand outbreak was in south Wales in 1958 and remained the only one 
until it was found in 1989, again in south Wales (Brown & Webber, 2008).  Isolated 
recordings of the pathogen were also made during forest fungal forays in the far north of 
Scotland in the mid-1980s but these were not associated with disease outbreaks (British 
Mycological Society, 2014).   
From the late 1990s, forty years after the initial nursery outbreaks, the number of reports of 
the disease increased dramatically (Brown & Webber, 2008)  This led to large scale 
surveying of Corsican stands under 30 years old across Britain in 2006 and then lodgepole 
pine in Scotland in 2007 to establish the extent and severity of the disease.  The surveys 
revealed that the disease was widespread across England and Wales and to a lesser extent in 
Scotland (Brown & Webber, 2008).  The distribution was found to be primarily governed by 
the presence of susceptible species: Corsican pine (predominant in England and Wales) and 
lodgepole pine (predominant in Scotland and Wales) (Brown & Webber, 2008).  Additional 
surveys since then have shown the disease to be even more widespread and severe; and it is 
now present in all Forest Districts.  Since 2011 an increase in the number of reports of the 
disease on Scots pine have called attention to the threat DNB poses to native Caledonian pine 
woods as well as exotic, commercially grown pine species. 
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The impact of DNB is so severe on Corsican pine that there is currently a moratorium on 
planting this species on the Forestry Commission Estate.  Nonetheless Corsican pine still 
makes up 13% of conifer area in England, while lodgepole pine makes up 10% of conifer 
area in Scotland (Forestry Commission, 2013) (Figure 8.1). Scots pine is planted widely in 
both England and Scotland, but little in Wales.  Overall it accounts for just under 18% of 
conifer area in Britain (Forestry Commission, 2013) (Figure 8.2).  Altogether these three pine 
species make up 29% of the conifer area in Britain, covering 396,000 hectares (Figure 8.3) 
and thus the risk DNB poses to the sector is significant (Forestry Commission, 2013).   
Suddenly emerging, devastating forest pathogens are often not native to their outbreak areas, 
for example Ophiostoma ulmi and O. novo-ulmi causing Dutch elm disease, Hymenoscyphus 
pseudoalbidus causing ash dieback, Phytophthora ramorum causing sudden oak and larch 
death, and Cryphonectria parasitica causing chestnut blight (Brasier, 2008; Kowalski & 
Holdenrieder, 2009; Brasier & Webber, 2010).  Invasion of a non-native pathogen is 
comprised of a number of stages: introduction, establishment and spread (Sakai, Allendorf, 
Holt, et al., 2001).  Multiple introductions have been shown to increase the success of a non-
native, invasive species (Barrett & Husband, 1990).  However, each individual founder event 
is generally by a small number of individuals, and as such often leads to a population 
bottleneck in which the number of individuals, and thus genetic diversity, is drastically 
reduced (Sakai, Allendorf, Holt, et al., 2001; Beebee & Rowe, 2004).  Thus, a recently 
established population is likely to be less genetically diverse than the population from which 
it is derived (Barrett & Kohn, 1991), and consequently non-native populations are likely to be 
less genetically diverse than native populations.  Some species have a rapid rate of population 
growth but between the establishment of an alien species and its spread there is often a lag 
phase (Crooks & Soulé, 1999; Sakai, Allendorf, Holt, et al., 2001).  This lag phase can be 
attributed to the inherent nature of population growth and spread, necessary environmental 
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factors needed for success of the alien (e.g. host availability, optimum temperature), and/or 
genetic factors related to the fitness of the species (e.g. adaptation to a new habitat, evolution 
of invasive life-history traits) (Crooks & Soulé, 1999; Sakai, Allendorf, Holt, et al., 2001).  
The lag phase for D. septosporum in Britain is unknown; it could be the time between the 
establishment of the pathogen in Wareham in the 1950s and the widespread reports of the 
disease in the late 1990s, with the Wareham colonization being the only founder event.  If 
this had been the case the British population would be expected to be fairly homogenous with 
low genetic diversity.  Alternatively, multiple introductions of the pathogen could have 
occurred, which, given the success of the pathogen in Britain and the island’s long history 
and large volumes of international trade, would not be surprising.  Under such a scenario 
overall genetic diversity would be high but distinct populations would still be present.  
Another possibility is that D. septosporum is native to Britain, with Scots pine as the native 
host, and that the abundance of more susceptible exotic hosts coupled with changing climatic 
conditions has favoured the spread and intensity of the disease in recent decades.  This 
scenario would present the highest level of genetic diversity with a single Britain-wide 
population with at most only weakly differentiated sub-populations present. 
The sexual stage of D. septosporum (Mycosphaerella pini) has not been observed in Britain.  
However, its occurrence in a number of countries where outbreaks of the disease have been 
severe (e.g. Canada and Serbia (Funk & Parker, 1966; Karadžić, 1989b)) and in nearby 
European countries (e.g. France, Germany, Denmark (Morelet, 1967; Butin & Richter, 1983; 
Munk, 1957)) together with the far-ranging extent of the disease in Britain, which could have 
been facilitated by the spread of wind borne ascospores of the teleomorph, suggest it may be 
present in Britain.  As discussed in the previous chapter, sexual recombination can put 
together novel combinations of genes which can be rapidly and extensively disseminated by 
subsequent asexual reproduction.  Therefore, sexual reproduction in D. septosporum has the 
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potential to produce more virulent strains, or strains better suited to the local environment 
(e.g. climate, host species) which could lead to further damage to British pine forestry. 
Previous studies have not found the other causal agent of DNB, D. pini, in Britain.  This 
Dothistroma species is increasingly being detected in Europe as the molecular methods 
allowing its differentiation from D. septosporum become more widely adopted.  The 
occurrence of D. pini in Britain would pose an additional threat to pines as the pathogen may 
be better adapted to certain prevalent host species or environmental conditions than D. 
septosporum.  The response of the two species to climatic changes is also likely to differ, thus 
having both species present would increase the pressure on hosts both now and in the future. 
The aim of this study was to i) determine if D. pini was present in Britain, ii) investigate the 
population structure of D. septosporum in Britain, and iii) investigate the possibility of sexual 
recombination of D. septosporum in Britain. 






Figure 8.1 Distribution of Corsican and lodgepole pine in Britain 
 
Figure 8.2 Distribution of Scots pine in Britain 
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Figure 8.3 Distribution of pine on the Forestry Commission estate in Britain, early 2014 
Ü
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8.2 Materials and methods 
8.2.1 Sample collection 
Samples came primarily from the Forestry Commission DNB surveys undertaken between 
2006 and 2013.  Pine stands were surveyed for DNB presence and severity and a sample from 
each compartment sent to Forest Research, Alice Holt for confirmation of Dothistroma.  A 
wide selection of these samples were chosen for isolation of the pathogen, as detailed in 
section 2.1.2.  In addition a number of samples came from private sector surveys and from 
Forest Research experimental sites.  Twenty three isolates from British Columbia, Canada 
were also included in the study, of which ten were from Kispiox and 13 from Nass Valley. 
8.2.2 Molecular methods 
DNA extraction, mating type determination, microsatellite allele scoring, and data analysis 
methods are detailed in sections 2.2 and 2.3.  Only additional and specific programme 
settings are detailed below.   
Twenty-five independent runs of K=1-40 were carried out in Structure 2.3.4 (Falush, 
Stephens & Pritchard, 2003), with each run having a burnin of 50,000 iterations followed by 
100,000 data-collecting iterations. Structure Harvester (Earl & vonHoldt, 2012) was used to 
determine the optimal number of K.  To confirm the optimal number of K, the Structure 
analysis was rerun with 30 independent runs of K = 1-10 with the burnin increased to 
100,000 and post burnin iterations to 500,000.  The LargeKGreedy algorithm was 
implemented in Clumpp (Jakobsson & Rosenberg, 2007) with 1,000,000 random 
permutations to create a mean cluster coefficient matrix from all K=6 Structure runs aligned 
to the permutation with the highest H-value.  The Distruct programme (Rosenberg, 2004) was 
used to visualize the Clumpp output. 
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To explore possible links with the Brittany, France population (chapter 7), this dataset was 
included in a separate Structure analysis, as were the Canadian isolates.  The analyses used a 
burnin of 100,000 followed by 500,000 iterations, settings as for the solely British dataset, 
and 30 independent runs of each K. The British and French dataset was tested at K = 1-10 
while the British, French and Canadian dataset was tested at K = 1-15. 
Calculations for allelic richness (AR) and private allele richness (PAR) in ADZE (Szpiech, 
Jakobsson & Rosenberg, 2008) were standardized to a uniform size of 7 multilocus 
haplotypes corresponding to the size of the smallest group, the central Scotland population 
cluster. 
Hierarchical Analysis of Molecular Variance (AMOVA) was carried out to test various 
hypotheses of population differentiation using Genalex 6.5  (Peakall & Smouse, 2012).  The 
isolates were grouped in three ways: by the planting year of the stand the isolate came from, 
the host species, and the Structure cluster to which the isolate belonged.  When host species 
was used only the main hosts (Corsican pine, lodgepole pine, Scots pine) were included as 
other host species had limited numbers of individuals.  AMOVA was also used to test for 
differentiation between isolates grouped into the same Structure clusters but originating from 
different countries, i.e. the Canadian isolates and the central Scotland population cluster, the 
England and Wales population clusters and the Brittany, France CP population clusters. 
8.3 Results 
8.3.1 British isolates 
Analysis of samples using the mating type primers showed that D. pini was not found and all 
isolates were confirmed as D. septosporum.  Of the total 1,194 British isolates analysed, 386 
unique multilocus haplotypes were identified based on mating type and 11 microsatellite loci. 
All loci were polymorphic with a total of 135 different alleles detected.  The number of 
The Population Structure of Dothistroma septosporum in Britain 
  196 
alleles at each locus ranged from 4 at Doth_O to 33 at Doth_L, with an average value of 12.3 
(±8.3 SD).  A plot of gene diversity against number of loci showed that 7 markers accounted 
for 97% of the variation, while 10 markers accounted for 98%, therefore the 11 markers used 
were deemed sufficient for population genetic analyses (analysis performed in Multilocus 
1.3, Figure 8.4). 
 
Figure 8.4 Gene diversity vs number of loci of the 1,194 British isolates. 
 
The nature of the sampling strategy, with representative isolates taken from as many 
widespread pine stands as possible, allowed investigation of the entire British D. septosporum 
population, as opposed to detailed examination of a small number of sites.  Although this 
allowed wide coverage, determining geographical limits of potential (sub)populations was 
problematic.  Therefore the Structure results served to delimit population clusters.  The 
analysis supported six clusters (Figure 8.5, Figure 8.6 and Figure 8.7).  When plotted 
spatially a number of these clusters were restricted to distinct geographical areas and had 
dominant host species. Two clusters were restricted to Scotland, two primarily to England 
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and Figure 8.11).  The clusters are referred to by their primary geographical location: 
Northern Scotland, Central Scotland, England and Wales 1, England and Wales 2, Britain 
wide 1 and Britain wide 2.  MLHs (multilocus haplotypes) with a low membership 
coefficient to any cluster (i.e.<50% membership coefficient) were not allocated to a particular 
population cluster and were regarded as having mixed membership. The number of mixed 
membership MLHs was 18 (out of a total of 386 MLHs), comprising 20 isolates.  PCoA 
displayed the validity of the Structure clusters (Figure 8.12).  The first axis explained 44.7% 




Figure 8.5 Plot of the ln probability of each K 1 to 40. Optimal K occurs where the ln 
probability of K plateaus. This is more easily discrimintated in plots of DeltaK vs K below.  
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Figure 8.6 Plot of DeltaK vs K of initial Structure analysis, showing optimum K in the region of 
K = 6.  
 
Figure 8.7 Plot of DeltaK vs K of high parameter (K = 1-10) Structure analysis, showing K = 6 as 
the optimum number of clusters.  






Figure 8.8 Distribution of the England and Wales 1 and northern 
Scotland population clusters 
 
Figure 8.9 Distribution of the England and Wales 2 and central 
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Figure 8.10 Distribution of Britain wide 1 population cluster 
 
Figure 8.11 Distribution of Britain wide 2 population cluster 
Ü
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Figure 8.12 Principal Coordinate Analysis (PCoA) using pairwise mean genetic distance 
between Structure clusters. 
 
A number of unique alleles were found during the analysis.  For example, marker M 
consisted of a 7-nucleotide repeat resulting in each different allele being 7 bp apart.  Some 
alleles were clearly outwith the repeat pattern.  Sequencing revealed they were missing a 21 
bp region prior to the microsatellite region.  This change alters the mobility of the amplified 
fragment causing a slight difference in visualised length compared to fragments containing 
the 21 bp section but with three fewer 7 bp repeats (i.e. 21 bp).  Twenty one alleles with this 
deletion were found, all of which were represented in Scotland.  Isolates with this deletion 
were only found in five locations outside Scotland, four of which had the same M allele.  
Isolates with the deletion mostly fell into the northern Scotland population cluster.  These 
findings suggest the 21 bp deletion is a mutation that has occurred in the past and the 
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microsatellite region itself has subsequently further mutated to give rise to the 21 different 
alleles.  
The statistics calculated on each of the six Structure groups revealed some of the groups to be 
highly clonal while others were relatively diverse (Table 8.1).  Haplotypic diversity, i.e. the 
probability that two randomly selected individuals will have the same genotype, was 
generally lowest in clusters confined to geographical areas, and these groups also had the 
highest clonal fraction.  Tests for random mating produced variable results (Table 8.2).  
A limited amount of admixture was evident from the Structure analysis, with 20 isolates not 
allocated to a particular population cluster due to their having less than a 50% membership 
coefficient in any cluster.  Most of these isolates had significant membership coefficients in 
one of the Britain wide population clusters, although all of the population clusters, bar the 
central Scotland cluster, contributed substantial amounts (≥20%) to at least some admixed 
individuals.  While random mating (Table 8.2) was refuted, or not definite in many of the 
population clusters, the occurrence of such admixed individuals is highly suggestive of 
limited sexual recombination taking place. 
 
 






Table 8.1 Summary of Structure cluster isolate numbers and genetic variability of D. septosporum used in this study. 
Haplotypic diversity calculated using non-clone corrected dataset.  Gene diversity, allelic richness (AR) and Private allele richness (PAR) 

















AR ± standard 
error 
PAR ± standard 
error 
Central Scotland 101 7 0.116 0.931 0.130 1.546 ±0.366 0.997 ±0.444 
Northern Scotland 237 39 0.915 0.832 0.175 1.800 ±0.481 0.632 ±0.504 
England and Wales 1 113 10 0.668 0.919 0.265 1.833 ±0.192 0.300 ±0.130 
England and Wales 2 220 65 0.886 0.705 0.462 2.506 ±0.317 0.839 ±0.261 
Britain wide 1 209 68 0.937 0.675 0.444 2.414 ±0.240 0.419 ±0.112 
Britain wide 2 294 179 0.993 0.393 0.547 2.755 ±0.266 0.570 ±0.169 





Table 8.2 Random mating tests for D. septosporum isolates by Structure clusters 
 
Values of index of association (IA) and   r d  obtained after 1000 randomizations in Multilocus 1.3b. Values for parsimony tree-length permutation 
test (PTLPT) obtained after 1000 randomizations, dataset generated by Multilocus1.3b, parsimony analysis in PAUP.   
a
 L observed = the observed length of the tree generated from parsimony analysis. The number in parentheses is the number of most 
parsimonious trees found. 
b
 L randomized = the shortest tree found in the randomized dataset (1000 randomizations) generated by parsimony analysis. 
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0:101 -0.031 -0.018 1 0:7 -0.539 -0.275 1 6 (1) 6 1 6 (7) 6 1 
Northern 
Scotland 








38:179 1.368 0.147 <0.001 25:38 0.265 0.027 <0.001 119 (1) 296 <0.001 121 (1) 136 <0.001 
Britain 
Wide 1 
120:85 0.730 0.076 <0.001 29:36 0.098 0.010 0.091 121 (1) 280 <0.001 121 (1) 132 <0.001 
Britain 
Wide 2 
121:164 0.177 0.017 <0.001 76:95 0.060 0.006 0.025 404 (1) 616 <0.001 405 (1) 416 <0.001 
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8.3.1.1 The England and Wales Population Clusters 
The England and Wales 1 population cluster (Figure 8.8) had low gene diversity (0.265) 
(Table 8.1) and only ten different MLHs, yet both mating types occurred in roughly equal 
proportions and tests on the clone corrected dataset suggest the population is randomly 
mating.  This population cluster is the sole current population cluster in the Wareham area, 
with four MLHs recorded from this area.  The same population cluster, and indeed the same 
MLHs, are currently found in the vicinity of some of the locations known to have received 
Wareham stock produced during the initial 1954 outbreak (Figure 8.13), in the vicinity of the 
first forest stand records (Figure 8.13), as well as in and around Bedgebury pinetum and East 
Anglia, a large Corsican pine growing region. 
The England and Wales 2 population (Figure 8.9) had a similar distribution to the England 
and Wales 1 population (Figure 8.8), although more restricted to England, its presence 
limited to two locations in Wales (Figure 8.9).  Nine isolates of this population were found in 
Scotland over 350 km from the nearest English member, predominantly on lodgepole pine.  
The gene diversity was higher than the England and Wales 1 population cluster while no 
evidence of random mating was found in this population (Table 8.1 and Table 8.2). Both the 
England and Wales populations were found predominantly on Corsican pine but also 
occurred on a wide range of hosts from Bedgebury pinetum.  
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8.3.1.2 The Scotland Population Clusters 
Two populations occurred solely in Scotland.  One dominates in the north (named the north 
Scotland population cluster), the other dominates in central Scotland (named the central 
Scotland population cluster).  The central Scotland population (Figure 8.9) was found almost 
exclusively on lodgepole pine, with only 6% of isolates originating from another host (Scots 
pine), although all these were from either mixed Scots and lodgepole pine stands or Scots 
pine stands adjacent to lodgepole pine. It was a very distinct population with all individuals 
having over 90% membership coefficient to the cluster. This group also had the highest 
private allele richness, supporting it as a distinct group which was also apparent from the 
principal coordinate analysis (Figure 8.12).  It occurred over a relatively large area (Figure 
8.9), and was highly clonal (CF = 0.931) with only seven MLHs out of 101 isolates.  All tests 
for random mating using both clone corrected and non-clone corrected datasets suggested 
random mating (Table 8.2) yet only individuals of mating type 2 were found in the 
population.  The north Scotland population cluster (Figure 8.8) was found on a range of host 
species: Scots, lodgepole, and Corsican pine, as well as a non-pine host (Cedrus atlantica).  
A large proportion of isolates came from Scots pine (68%) with 16% from lodgepole pine 
and 10% from Corsican pine.  Random mating in this population was suggested by the 
PTLPT, and the presence of both mating types supports this possibility.  
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8.3.1.3 The Britain Wide Population Clusters 
The two Britain wide population clusters (Figure 8.10 and Figure 8.11) consisted of a large 
number of isolates (209 and 290 in Britain wide 1 and Britain wide 2, respectively) from a 
wide range of hosts.  Haplotypic diversity was highest in these groups and clonal fraction 
lowest.  Both mating types were abundant, although only the index of association and   r d  in 
the clone corrected dataset of Britain wide 1 population cluster suggested random mating. 
 
8.3.1.4 AMOVA Groupings and the Impacts of Host and Planting Year 
The hierarchical AMOVA strongly supported the Structure groupings with 26% of variation 
between and 74% within the clusters (Table 8.3).  When isolates were grouped by host 
species the groupings were also highly significant suggesting population differentiation by 
host species.  This result is to be expected as the host species are partitioned geographically 
with Corsican pine almost exclusively in England and Wales, lodgepole pine predominantly 
in Scotland (Figure 8.1).  
Grouping isolates by the planting year of the stand they came from also seems to be a valid 
way of creating populations.  This could be caused by nurseries producing cohorts of 
seedlings all with the same population of D. septosporum.  When grouped by the decade of 
the planting year (i.e. pre-1960, 1960s, 1970s, 1980s, 1990s, and 2000s) significant 
population differentiation occurred.  Grouping into only three groups (pre-1980, 1980-1995, 
post-1995) allowed all stock produced post mid-1990s (after which reports of the disease 
increased dramatically) to be kept together.  The AMOVA also supported population 
differentiation here, while explaining slightly more of the intra group variation (5% vs 4%) 
(Table 8.3).    
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Table 8.3 Hierarchical analysis of molecular variance (AMOVA) for British groupings of D. 
septosporum. 









Structure clusters: Central Scotland vs 
Northern Scotland vs England and Wales 1 
vs England and Wales 2 vs Britain Wide 1 
vs Britain Wide 2 
5 0.898 26% 0.001*** 
Within Structure clusters 358 2.525 74%   
Total 363 3.423 100%   
         
Host species: Corsican pine vs lodgepole 
pine vs Scots pine 
2 0.597 18% 0.001*** 
Within host species groups 1109 2.759 82%   
Total 1111 3.356 100%   
         
Planting year: pre-1960 vs 1960s vs 1970s 
vs 1980s vs 1990s vs 2000s 
5 0.143 4% 0.001*** 
Within (the above) groups 56 0.249 8% 0.001*** 
Within individual planting years 845 2.839 88% 0.001*** 
Total 906 3.231 100%   
         
Planting year: pre-1960 vs 1960-1995 vs 
post-1995 
2 0.152 5% 0.001*** 
Within (the above) groups 59 0.263 8% 0.001*** 
Within individual planting years 845 2.839 87% 0.001*** 
Total 906 3.254 100%   
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8.3.2 British, French and Canadian isolates 
The Structure analysis which included the French and Canadian isolates revealed similar 
groupings to the analysis of only the British isolates. When the British and French isolates 
were analysed together the plot of delta K suggested five as opposed to six clusters.  The two 
Britain wide clusters grouped together and the three population clusters found in France all 
resided within a British grouping (Figure 8.14).  The French central CP population cluster 
grouped with the England and Wales 1 population cluster, whereas the French west CP 
cluster grouped with the England and Wales 2 cluster.  Isolates from the French Scots and 
maritime cluster were split between the England and Wales 2 and the Britain wide population 
clusters.  However, AMOVA showed that the French populations were significantly different 
from the England and Wales populations (Table 8.4). 
Inclusion of the Canadian isolates with the French and British isolates did not result in the 
formation of a distinct Canadian cluster.  Instead the Canadian isolates grouped together with 
the central Scotland population cluster isolates (Figure 8.14).  Again, the two Britain wide 
population clusters were grouped together with a proportion of the French Scots and maritime 
cluster, while the England and Wales 2 population cluster and French west CP cluster also 
grouped together. The northern Scotland population cluster isolates remained a discrete 
cluster whereas the England and Wales 1 and France central CP clusters were not a discrete 
cluster.  The British Columbian isolates had many distinctive alleles not found in Britain, 
with 21 private alleles.   In three loci (F, I, L) all alleles were private alleles.  None of the 21 
British Columbian MLHs were found in Britain.  The AMOVA clearly differentiated the 
Canadian and central Scotland populations (Table 8.4). 
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Table 8.4 Hierarchical analysis of molecular variance (AMOVA) comparing British with 
French and Canadian isolates of D. septosporum. 









England and Wales 1 population cluster vs 
Brittany, France Central CP population 
cluster 
1 0.416 20% 0.029* 
Within clusters 12 1.625 80%   
Total 13 2.041 100%   
         
England and Wales 2 population cluster vs 
Brittany, France West CP population 
cluster 
1 0.460 16% 0.001*** 
Within clusters 89 2.485 84%   
Total 90 2.945 100%   
         
Central Scotland population cluster vs 
British Columbia, Canada isolates 
1 3.186 62% 0.001*** 
Within groups 26 1.963 38%  
Total 27 5.149 100%   

















Figure 8.14 Bayesian clustering of D. septosporum multilocus haplotypes inferred using the programme Structure. Each isolate is represented by a 
vertical line partitioned into coloured sections that represent the isolate’s estimated membership fractions in each cluster, with each cluster 
represented by a different colour. Differences in colour within a vertical line indicate affiliation to multiple clusters of an individual haplotype, i.e. 
admixture.  Black lines separate population clusters.  a) British isolates divided into six population clusters  b) British and French isolates divided 
into five population clusters c) British, French and Canadian isolates divided into four population clusters, the grouping of the Canadian isolates 
with the central Scotland population cluster is clearly visible in red.   
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8.4 Discussion 
The occurrence of six separate population clusters of D. septosporum in Britain, four of 
which were geographically distinct, is an unexpected finding.  The finding allows an insight 
into the behaviour, movement and potential origin of this highly damaging pathogen in 
Britain. 
The initial findings of the disease in Britain were from two closely located nurseries in 
Wareham, Dorset in 1954 and occurred sporadically in the nurseries throughout the 1950s 
and 1960s.  Eradication was attempted but some stock, presumed to be uninfected, was sent 
out to other nurseries and forests, chiefly in southern England and south Wales.  Some of this 
stock was traced and inspected in 1958 and no infection was found.  The original isolates 
from Wareham are no longer available but recent isolations from the Wareham area have 
been included in this study, and all belonged to the England and Wales 1 population cluster.  
The regular occurrence of outbreaks at the Wareham nurseries in the 1950s and 1960s 
suggests it is unlikely that the disease was ever totally eradicated from the nurseries and it is 
highly probable that it spread into (or possibly from) the surrounding forest block.  Given the 
distribution of not only the same population cluster but the same MLHs around areas known 
to have received stock from Wareham during the outbreak years, it seems increasingly likely 
that low levels of infection occurred on some of the plants that were shipped out.  Diagnosing 
extremely low levels of infection remains challenging even with modern molecular 
diagnostic techniques, as is highlighted in chapter 6 (section 6.4).  Therefore, it seems 
reasonable to assume that the initial outbreak was spread by man and that many years were 
needed for the pathogen to build up significant inoculum loads before noticeable problems 
arose again.  However, under 10% of current British isolates belonged to this population 
cluster, thus it is quite possibly not the population cluster causing the greatest damage to 
Britain’s pines.  
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This population cluster is not found solely in areas known to have received stock from 
Wareham, but it is found only in England and Wales.  Interestingly the same populations (and 
genotypes) are found in both Bedgebury pinetum and Westonbirt arboretum.  Could this 
population have been imported into the arboreta with exotic species and spread from there to 
Wareham and further?  Records of such a link have not been found.  Nor do records exist for 
all destinations of Wareham stock produced in the original outbreak years.  Thus it cannot be 
ruled out that stock made its way to East Anglia (a major Corsican pine growing region) 
where the England and Wales 1 population, as well as the Wareham MLHs, are also found.   
The England and Wales 1 population cluster does not occur in Scotland while only nine 
isolates from the England and Wales 2 population cluster were found there.  These nine 
‘outliers’ could be a result of rare natural long distance dispersal, although this seems 
unlikely.  More probably this is the result of man-mediated spread.  However, both of these 
populations encompass isolates found in Brittany, France.  The overlap of both of the 
England and Wales population clusters with two of the French population clusters indicates 
some degree of pathogen exchange between the countries, which is reinforced by a number of 
identical MLHs occurring in both regions.  Nonetheless, no directional relationship is 
evident; movement could be from England to France, from France to England or from a third 
unknown location into both regions.  Whether this movement is natural or man mediated is 
also unknown.  Although the absence of the England and Wales 1 population cluster in 
Scotland suggests that natural spread is limited, its occurrence around areas known to have 
received stock from an outbreak area suggests man-mediated movement.  As the distances 
between England and France are considerable and consist of a host free zone of open water, 
man-mediated spread seems more probable than natural spread. 
The central Scotland population cluster is a clear outlier in Britain with the results 
highlighting its distinctiveness (PCoA).  Interestingly, this is the only population cluster for 
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which all tests for random mating, on both clone corrected and non-clone corrected datasets, 
indicate random mating is occurring yet only mating type 2 is present in the population.  The 
lack of any admixed isolates with a significant membership coefficient from this population 
cluster indicates mating with other population clusters is not occurring.  The likelihood of not 
sampling any mating type 1 individuals if they were present is extremely low given that over 
100 isolates were tested from this population.  The random mating test results are therefore 
likely to be an anomaly due to the extremely low allelic richness; out of 11 loci only three 
were variable (locus L – 2 alleles, locus J – 2 alleles, locus DS2 – 5 alleles).  Therefore 
during randomizations of the dataset (used in tests of random mating) the low number of 
different alleles and variable loci will result in the randomized datasets being very similar to 
the observed dataset.  With an adequate number of different alleles these randomizations of 
the data simulate the mixing of alleles between individuals that would be observed in a 
randomly mating population (and therefore one that must be undergoing sexual 
recombination).  Such mixing cannot actually occur without both mating types and thus this 
highlights the importance of interpreting the tests in context and considering the biological 
significance of the mating type.  An alternative explanation is that the source population, 
from which this population is derived and almost certainly in another location given the low 
gene and haplotypic diversity of the cluster, may be of a small size or in a restricted area 
which would lead to mating among closely related individuals resulting in linkage 
disequilibrium and thus the significant index of association (Milgroom, 1996; McDonald, 
2004).  In any case it is clear that without mating type 1 present the central Scotland 
population is not currently undergoing sexual recombination. 
Given the extreme clonality of the central Scotland population, its low levels of alleleic 
richness, and its distinctness it is probable that this population has been recently introduced 
into Scotland with the founder event causing a genetic bottleneck leading to low genetic 
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diversity.  The question remains where this population was introduced from.  Its 
preponderance on lodgepole pine leads to speculation of it being introduced into Britain 
along with this species.  Lodgepole pine originates from western North America and has been 
extensively planted in Britain since the 1950s (Lines, 1996).  No records suggest live plants 
were imported, and this is highly improbable, but over 9,000 kg of seed was purchased from 
western North America between 1920 and 1980 with over 64% of this being from British 
Columbia (Lines, 1996).   
The dispersal mode of D. septosporum does not lend itself to transport on seeds, the risk of 
which is low, and even highly sensitive molecular detection methods (rtPCR) have not 
detected it on seeds from infected pine stands (unpublished data).  Still, this pathway exists as 
a possibility due to such large quantities of lodgepole pine seed imported over many decades, 
even if this was via a stray infected needle contaminating the seed lot.  The dry conditions 
under which seed is stored and transported would favour the survival of D. septosporum 
propagules (see chapter 5, section 5.4).  However, modern seed treatments would not favour 
the survival of the pathogen.  Alternative routes of entry, e.g. live plants, contaminated 
machinery, tourists, among others, could also be the source of the introduction. 
Including the British Columbian isolates in a Structure analysis clearly shows they grouped 
with the central Scotland population cluster isolates and form a cluster distinct from all other 
British and French isolates.  A closer look at these two groups showed they are two separate 
populations and not one (Table 8.4).  Nonetheless, this grouping does suggest that the central 
Scotland population cluster is closer to the British Columbian population than to any other in 
this analysis indicating its likely origins in western North America.  
Dale, Lewis & Murray (2011) reported high gene flow and suggest regular long distance 
dispersal in the British Columbian D. septosporum populations, in part due to the regular 
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occurrence of ascospores.  This suggests the Canadian isolates included in this study can be 
thought of as representative of the area.  However, the geographic range the British 
Columbian isolates tested here cover is small compared to that of lodgepole pine.  Other D. 
septosporum populations undoubtedly occur in western North America on lodgepole pine and 
these could be the origin of the central Scotland population. 
That the central Scotland population is predominantly found on lodgepole pine, and is likely 
to originate from western North America, raises the possibility of it being adapted to this 
host.  Welsh, Lewis & Woods (2009) provide evidence of D. septosporum outbreaks in 
British Columbia, Canada since 1831 and deemed the pathogen to be native to the region 
with this likely to extend to the entire native lodgepole pine range.  Thus, some degree of 
coevolution between host and pathogen would be expected, and consequently lower levels of 
disease, or damage, by this pathogen population to the host are likely.  Infection trials 
comparing the virulence of the central Scotland population with that of other population 
clusters to various host species should be investigated.  Its ability to infect Scots pine is 
known, as a limited number of isolates were recovered from this host, but Scots pine is 
generally considered to have low susceptibility to D. septosporum.  Its virulence on Corsican 
pine is unknown and this species is uncommon in Scotland where the population cluster 
occurs.  The central Scotland population cluster could therefore pose an additional threat to 
Corsican pine if introduced to the major Corsican pine growing areas of England and Wales 
and measures should be taken to prevent this. 
A similar threat could be posed by the northern Scotland population cluster which is also 
found exclusively in Scotland. This population is also distinct, and with only marginally 
higher gene diversity than the central Scotland population cluster may also be a relatively 
recent introduction into Britain, but no links with other geographical areas can be suggested 
from this study.  No host specific preference can be posited for this population as the high 
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proportion of Scots pine hosts are likely to be a result of location: the population occurs 
where large amounts of Scots pine are grown (Figure 8.2 and Figure 8.8).  This is likely to be 
the case for most population clusters, as none were found exclusively on a single host, 
therefore, geography overrides the importance of host species.  Thus, although dividing 
isolates by host species was found to be supported statistically this is likely a result of host 
species geography: two population clusters are restricted to Scotland, where lodgepole pine 
dominates and Corsican pine is scarce, while two population clusters are essentially restricted 
to England and Wales, where Corsican pine dominates.  
Such geographic restriction does not apply to the two Britain wide population clusters.  They 
are found extensively across Britain on a wide range of host species, and are only weakly 
differentiated from each other.  Only a small number of isolates from Brittany, France 
occurred in these groups indicating they are only weakly represented in the region, although 
possibly more common in other, unsampled, areas of France or elsewhere in Europe.  
Unfortunately, no isolates exist from the original recordings of the pathogen in northern 
Scotland in the mid-1980s, and only very few current isolates from the vicinity of these 
records were included in this study.  However, these isolates belong to the Britain wide 2 
population cluster.  A detailed survey of D. septosporum isolates from the locality of the 
original recordings could be undertaken in order to attempt to classify them into a particular 
population cluster, as was done for the Wareham site. If they are likely to have been from one 
of the Britain wide population clusters it raises the question of how the Britain wide 
population clusters became so widespread without the disease being noticed much before the 
late 1990s.  Could these weakly differentiated, widespread populations with high gene 
diversity and allelic richness be indigenous populations?  This seems to be the case for D. 
septosporum in British Columbia, Canada (Dale, Lewis & Murray, 2011; Welsh, Lewis & 
Woods, 2009), indeed the gene diversity of the Britain wide populations is higher than that of 
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the presumed native populations in British Columbia, although the use of different molecular 
markers may confound this conclusion.  Woods, Coates & Hamann (2005) suggested the 
epidemic of DNB in British Columbia is caused by the effects of a changing climate on a 
native pathogen.  They call attention to increased summer precipitation during recent 
decades, especially during DNB outbreak years.  Increased summer precipitation has been 
linked to high levels of infection by others (Rogerson, 1954; Murray & Batko, 1962; Gibson, 
Christensen & Munga, 1964; Zlatanov, 1977; Bulman, Ganley & Dick, 2008), and such a 
trend has been reported from Britain since the late 1990s (Archibald & Brown, 2007). 
It is evident from the variability of the tests for random mating that not all, if any, of the 
populations are randomly mating.  This finding is unsurprising given the preponderance of 
the anamorph and paucity of the teleomorph.  However, the clone corrected datasets of some 
of the population clusters do suggest random mating, which, together with some admixed 
isolates having significant membership coefficients from a number of population clusters, 
does suggest that some sexual recombination is occurring.  Limiting the population clusters to 
their current distribution would therefore be advisable to reduce the possibility of sexual 
recombination between individuals from different population clusters occurring.  As 
discussed in chapter 7, sexual recombination results in novel genotypes, some of which may 
be more virulent, better suited to local climatic conditions or particular hosts.  Reducing the 
potential for such adaptive events in the pathogen population would help contain the impact 
of the disease, if not necessarily reduce it.  
The presence of distinct, geographically separate populations in Britain suggests a number of 
introductions of the pathogen into Scotland on the one hand and possibly into England and 
Wales on the other.  The primary barrier to movement of these populations between the areas 
would seem to be the scarcity of hosts in the central region of the island. However, the 
presence of two Britain wide populations demonstrates that this barrier is by no means 
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impenetrable.  That long distance spread of the pathogen is mediated by man through the 
plant trade has been suggested many times (Butin & Richter, 1983; Jankovský, Bednářová & 
Palovčíková, 2004; Bednářová, Palovčíková & Jankovský, 2006).  A number of specific 
findings in this study support man mediated spread.  Firstly, the jumping of the England and 
Wales 2 population over 350 km into Scotland is unlikely to be by natural means.  Secondly, 
the dominance of the England and Wales 1 population around areas known to have received 
stock from the original outbreak area, where the same population is exclusively found.  
Thirdly, the presence of not only the same population clusters but the same MLHs in both 
England and France. And fourthly, the high probability of the central Scotland population 
originating from western North America is almost certainly due to man, as such natural long 
distance dispersal is implausible.  This conclusion highlights the importance of keeping 
between and within country movement of stock, or potentially infected material, to a 
minimum. 
The lack of any D. pini isolates from such a large sample number covering the entire island 
suggests the pathogen is not present in Britain, or at the very least is not the causal agent of 
the severe DNB problem.  Dothistroma pini does, however, occur in France (Fabre, Ioos, 
Piou, et al., 2012).  While D. pini has only been recorded from one location in southeast 
Brittany, it is widespread in other areas of France (B. Marçais, pers. com.).  The overlap of D. 
septosporum populations in England and Brittany, France demonstrates that the boundary 
between the regions is, or has been, porous.  This may also be the case for other regions, 
including those with higher D. pini prevalence.   Therefore, the risk of D. pini arriving in 
Britain is real.  If D. septosporum has moved, either naturally or via man, between the two 
countries, D. pini could potentially do the same.  However, D. pini is more restricted in its 
distribution than D. septosporum, both globally and in Europe.  Limited evidence, e.g. a 
slightly higher optimum temperature for growth of D. pini, suggests this may be due to less 
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widespread, or more stringent, suitable environmental conditions needed by the fungus. 
Although this may be the reason D. pini has not become established in Britain so far, the 
effects of climate change may dismantle this barrier.  As of now, not enough is known about 
the biology of D. pini, and how it differs from that of D. septosporum, to draw any firm 
conclusions apart from the serious risk of introducing the pathogen under current scenarios, 
managerial and/or natural. 
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Chapter 9 General Discussion 
In this project the epidemiology of dothistroma needle blight in Britain was investigated.  It 
has elucidated the behaviour of the pathogen as well as aspects of its population biology.  
Together this new information will enable more informed management decisions to help limit 
the impact of the disease in Britain. 
9.1 Behaviour of D. septosporum in Britain 
Contrary to most temperate countries, and previous knowledge of the pathogen’s behaviour 
in Britain, it is likely that D. septosporum can complete at least two life cycles in one year.  
The traditional view of the pathogen’s life cycle holds that conidia infect new needles in the 
spring and summer with symptoms developing over autumn and winter.  These infection 
points mature into acervuli to release conidia the spring and summer following the year of 
infection.  This study has confirmed that a peak in infection occurs in the spring and early 
summer in Britain (late June and July).  However, these early infections can, in some years, 
develop rapidly into mature acervuli which release conidia in the early autumn to cause a 
second infection peak.  In fact, some infection occurs throughout the year, even during the 
winter months.  The behaviour of the pathogen therefore does not conform to the traditional 
view of its life cycle.  Multiple infection cycles per year together with year-round infection 
will undoubtedly lead to higher overall infection levels and thus impact of the disease.  This 
is likely to be one of the causes of the increasing severity of the disease over the past two 
decades, although when this behavioural change occurred is unknown.  Additionally, the 
underlying causes of this change are unknown.  Warm temperatures and abundant moisture 
hasten symptom and fruit body development with rainfall promoting the spread of conidia.  
Such favourable conditions for the pathogen are known to have increased in frequency and 
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duration in Britain (Archibald & Brown, 2007).  The changing climate threatens to increase 
them further, potentially resulting in escalation of the severity and intensity of DNB. 
An increase in DNB will inevitably lead to an increase in shed infected needles, as premature 
defoliation is one of the trademark symptoms of the disease.  This study shows that these 
abscised needles also contribute to the inoculum load in a stand, although not for a significant 
length of time as the number of infective propagules declines rapidly once needles are shed 
from a tree.  If the needles land on the forest floor half of the infective propagules die within 
one month and 90% in three months.  In contrast, if the shed needles are caught in the dense 
network of branches and remain suspended above the forest floor, infective propagules 
remain viable for longer, their number halving in under two months but four to six months 
are needed for their numbers to drop by 90%.  Moisture is again a factor governing the 
persistence of the infective propagules with higher moisture in the litter promoting microbial 
activity and saprophytes which quickly out-compete D. septosporum. 
The rapid decline in numbers of viable propagules in the forest litter indicates that this 
inoculum source poses only a limited threat to pine replanting schemes on sites previously 
containing infected trees.  Leaving twelve months between felling and replanting would most 
likely reduce the risks of infection from the litter to extremely low levels.  Higher inoculum 
loads would be expected from infected standing trees nearby.  On the other hand shed needles 
suspended in the canopy can harbour infective propagules for much longer than litter needles. 
Lower branches not holding any live needles still act as an inoculum source by retaining 
needles shed from branches above.  Brashing, pruning, and to a certain extent thinning, would 
reduce the quantity of shed needles retained in the canopy and allow needles to reach the 
forest floor where persistence times are much reduced.  Maximal efficacy of these treatments 
would therefore be achieved by conducting them prior to the two periods of heavy needle 
drop of summer and autumn.  However, the peak infection period should also be considered 
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and by summer or autumn a large proportion of the current year’s foliage will already have 
been infected.  Therefore, the treatments would be most effective if carried out in the early 
spring, or winter, before needle flush.  Conversely, fungicide treatments would be most 
effective if carried out as needles flush to both reduce inoculum production from acervuli on 
previously infected needles and protect as yet uninfected developing foliage, which is the 
reasoning behind the timing of fungicide application in New Zealand and recent trials in 
Britain. 
Regardless of the efficacy of these treatments to reduce inoculum loads or prevent infection, 
heavily infected stands are likely to take a number of years to recover their full growth 
potential.  This feature is due to high levels of year on year D. septosporum infection causing 
a reduction in needle lengths in addition to the well-known effects of needle necrosis, 
premature defoliation, and associated reduced main stem volume.  In this study it was found 
that trees with high levels of DNB had significantly shorter needles than trees with no, or 
low, levels of DNB.  This result is not a direct consequence of infection but rather a result of 
reduced photosynthate production due to continuous premature defoliation and extensive 
needle necrosis.  Even if all new infection were to cease, needles would be reduced in length 
for a number of years caused by, and resulting in, lower photosynthate production, and thus 
volume growth, when compared to a stand free from DNB. 
9.2 Dispersal of D. septosporum and its populations 
The development of DNB in Britain since the late 1990s has raised numerous questions 
regarding the distance the pathogen can be dispersed and the source of the current outbreaks.  
It was unknown whether the increased incidence of the disease was due to changing climatic 
factors or rapid spread of the pathogen from one, or a limited number of, foci.  This project 
has shown that D. septosporum is regularly dispersed much greater distances by natural 
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means than previously known.  Although predominantly rain splash dispersed, the pathogen 
was found infecting pines over 1,400 m from any known infection source.  This is over five 
times the distance noted in the only previous work of this kind, that of Gibson, Christensen & 
Munga (1964) from East Africa.  The implications for pine producing nurseries as well as for 
management of pine forests are significant.  The ‘immediate vicinity’ of 550 m around a pine 
producing nursery required to be free of DNB symptoms now seems grossly inadequate to 
prevent infection but would a greatly extended ‘immediate vicinity’ be practical or feasible?  
Even if all produced stock is free of infection, once planted it is vulnerable to infection if any 
DNB affected stands occur nearby.  Given such large ranges of natural dispersal and the 
highly clumped nature of pine growing areas it is not surprising the disease is so widespread 
across Britain. 
Assessment of the trap plants situated at set distances away from infected stands revealed that 
the majority of infection points were not from noticeable acervuli, rather they were detected 
from a small number of necrotic and chlorotic bands on needles by a highly sensitive rtPCR 
procedure.  This finding emphasizes the difficulty and time-consuming nature of detecting 
low levels of infection on large volumes of planting stock destined to be moved long 
distances around, or between, countries.  The risk of spreading the pathogen by moving 
infected stock is high.  The population studies carried out during the project clearly show the 
preponderance of multilocus haplotypes (effectively clones) from the original outbreak area 
of Wareham in areas known to have received stock from Wareham, in spite of inspections of 
the stock at the time not detecting any infection.  It could therefore be assumed that low 
levels of difficult-to-detect infection are not uncommon on planting stock and have facilitated 
the spread of the pathogen by man. 
Man-mediated spread of the pathogen is corroborated by other aspects of the pathogen’s 
population structure in Britain. Four of the six British populations have a restricted 
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geographical range.  The central Scotland population occurs mainly on lodgepole pine and 
has a close affinity to isolates from British Columbia, Canada.  This finding is highly 
suggestive of the pathogen being imported by man from western North America along with 
its host.  Two populations occur widely in England and Wales but not in Scotland, yet they 
are widely found in Brittany, France.  Evidently movement of the pathogen between these 
two countries, or from a third country into both, has occurred, although no directional 
relationship is evident.  This is also suggestive of man-mediated movement.  To prevent 
further damage to Britain’s pine forests the British populations of D. septosporum should be 
restricted to their current geographical range and new populations should be prevented from 
becoming established in Britain.  Distinct populations of D. septosporum may be more 
virulent on certain host species or under certain environmental conditions.  Therefore 
introducing either of the two Scottish populations into England and Wales or the two England 
and Wales populations into Scotland could result in increased severity of the disease.  A 
small number of isolates from one of the England and Wales populations has been found in 
Scotland with the most likely cause being man-mediated dispersal.  The areas containing the 
isolates should be monitored to establish if the severity or extent of the disease increases. 
Introducing new D. septosporum populations into an area may result in not only an increase 
in disease severity in the area but also raises the potential for sexual recombination between 
populations.  This results in new, mixed, genotypes being formed, some of which may be 
better suited to the local environmental conditions or more virulent on particular host species 
or host genotypes.  While random mating within the British D. septosporum populations may 
not be occurring in all cases, this study provides strong evidence that limited sexual 
recombination of the pathogen occurs in Britain.  Therefore the possibility of sexual 
recombination between previously separate populations, and the resulting novel genotypes, is 
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a considerable risk.  This lends additional support to management practices that restrict 
movement of the pathogen. 
The occurrence of the same D. septosporum populations in England and France suggests 
movement of the pathogen between the two countries, and while this is important in itself it 
also raises the prospect of another DNB causing pathogen, D. pini, being able to move 
between the two countries.  Dothistroma pini is not established in Britain, whereas it is 
widely distributed in France, although at only one known location in Brittany.  As D. 
septosporum populations overlap between England and Brittany, France, they are also likely 
to overlap in other areas of France, potentially areas with a higher incidence of D. pini.  
While neither the method (natural or man-mediated) nor the rate of exchange between the 
two countries is known, its occurrence highlights the significant risk of D. pini introduction 
into Britain.  This carries with it all the risks of introducing another invasive, highly 
damaging forest pathogen and is undoubtedly to be avoided. 
9.3 Future work 
Knowledge of the extent of overlap between the British and French D. septosporum 
populations would allow the risks of introducing novel D. septosporum populations, as well 
as D. pini, to be more accurately assessed while potentially elucidating introduction 
pathways.  One potential approach would be to sample a larger area of France, and possibly 
other neighbouring countries, and continue the microsatellite work to investigate population 
links.  This work could also be extended to western North America to investigate the specific 
origins of the central Scotland population; again this could potentially reveal introduction 
pathways thereby helping to prevent them in the future.  Determining the origin of the central 
Scotland population in western North America could provide clues as to which lodgepole 
pine provenances may be less susceptible to this particular pathogen population and therefore 
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potentially more suitable for planting in Scotland.  As the central Scotland population seems 
likely to have originated from western North America investigating the virulence of both this 
and other populations on not only lodgepole pine but a range of host species would help 
quantify the risk of introducing this population into England and Wales as well as other 
regions. 
The infection timing experiment highlighted clear trends in the behaviour of D. septosporum 
in Britain, yet relating infection levels during specific periods to weather conditions proved 
difficult without information on inoculum loads.  This is exemplified by the drop in infection 
levels in late summer, which was due not to adverse climatic conditions for spore dispersal, 
germination and infection but to low inoculum loads caused by the casting of infected needles 
– the inoculum source.  Pursuing the development of the quantitative rtPCR assay would 
allow inoculum loads in each specific time period to be calculated from spore trap catches.  
Thereby a more complete model of D. septosporum infection behaviour could be constructed, 
namely that an inoculum load of x combined with weather y results in infection levels of z.  
Information on inoculum loads would also allow more detailed investigation of the climatic 
variables that drive spore production and dispersal.  A more comprehensive model of the 
drivers of the disease would serve to accurately predict disease severity under future climate 
predictions as well as helping to evaluate the risk of DNB to areas where it has not yet been 
introduced. 
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Appendix A. Infection timing experiment Year 1 shoot exposure regime 
U = shoot is unexposed, i.e. bagged; E = shoot is exposed, i.e. bag removed 




Beginning 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 41 42 
1 30 March 2010 U U U U U U U U U U U U U U U U U U U U U U U U U U U E 
2 06 April 2010 E U U U U U U U U U U U U U U U U U U U U U U U U U U E 
3 13 April 2010 E U U U U U U U U U U U U U U U U U U U U U U U U U U E 
4 20 April 2010 U E U U U U U U U U U U U U U U U U U U U U U U U U U E 
5 27 April 2010 U E U U U U U U U U U U U U U U U U U U U U U U U U U E 
6 04 May 2010 U U E U U U U U U U U U U U U U U U U U U U U U U U U E 
7 11 May 2010 U U E U U U U U U U U U U U U U U U U U U U U U U U U E 
8 18 May 2010 U U U E U U U U U U U U U U U U U U U U U U U U U U U E 
9 25 May 2010 U U U E U U U U U U U U U U U U U U U U U U U U U U U E 
10 01 June 2010 U U U U E U U U U U U U U U U U U U U U U U U U U U U E 
11 08 June 2010 U U U U E U U U U U U U U U U U U U U U U U U U U U U E 
12 15 June 2010 U U U U U E U U U U U U U U U U U U U U U U U U U U U E 
13 22 June 2010 U U U U U E U U U U U U U U U U U U U U U U U U U U U E 
14 29 June 2010 U U U U U U E U U U U U U U U U U U U U U U U U U U U E 
15 06 July 2010 U U U U U U E U U U U U U U U U U U U U U U U U U U U E 
16 13 July 2010 U U U U U U U E U U U U U U U U U U U U U U U U U U U E 
17 20 July 2010 U U U U U U U E U U U U U U U U U U U U U U U U U U U E 
18 27 July 2010 U U U U U U U U E U U U U U U U U U U U U U U U U U U E 
19 03 August 2010 U U U U U U U U E U U U U U U U U U U U U U U U U U U E 
20 10 August 2010 U U U U U U U U U E U U U U U U U U U U U U U U U U U E 
21 17 August 2010 U U U U U U U U U E U U U U U U U U U U U U U U U U U E 
22 24 August 2010 U U U U U U U U U U E U U U U U U U U U U U U U U U U E 





23 31 August 2010 U U U U U U U U U U E U U U U U U U U U U U U U U U U E 
24 
07 September 
2010 U U U U U U U U U U U E U U U U U U U U U U U U U U U E 
25 
14 September 
2010 U U U U U U U U U U U E U U U U U U U U U U U U U U U E 
26 
21 September 
2010 U U U U U U U U U U U U E U U U U U U U U U U U U U U E 
27 
28 September 
2010 U U U U U U U U U U U U E U U U U U U U U U U U U U U E 
28 
05 October 
2010 U U U U U U U U U U U U U E U U U U U U U U U U U U U E 
29 
12 October 
2010 U U U U U U U U U U U U U E U U U U U U U U U U U U U E 
30 
19 October 
2010 U U U U U U U U U U U U U U E U U U U U U U U U U U U E 
31 
26 October 
2010 U U U U U U U U U U U U U U E U U U U U U U U U U U U E 
32 
02 November 
2010 U U U U U U U U U U U U U U U E U U U U U U U U U U U E 
33 
09 November 
2010 U U U U U U U U U U U U U U U E U U U U U U U U U U U E 
34 
16 November 
2010 U U U U U U U U U U U U U U U U E U U U U U U U U U U E 
35 
23 November 
2010 U U U U U U U U U U U U U U U U E U U U U U U U U U U E 
36 
30 November 
2010 U U U U U U U U U U U U U U U U U E U U U U U U U U U E 
37 
07 December 
2010 U U U U U U U U U U U U U U U U U E U U U U U U U U U E 
38 14 December U U U U U U U U U U U U U U U U U U E U U U U U U U U E 








2010 U U U U U U U U U U U U U U U U U U E U U U U U U U U E 
40 
28 December 
2010 U U U U U U U U U U U U U U U U U U U E U U U U U U U E 
41 04 January 2011 U U U U U U U U U U U U U U U U U U U E U U U U U U U E 
42 11 January 2011 U U U U U U U U U U U U U U U U U U U U E U U U U U U E 
43 18 January 2011 U U U U U U U U U U U U U U U U U U U U E U U U U U U E 
44 25 January 2011 U U U U U U U U U U U U U U U U U U U U U E U U U U U E 
45 
01 February 
2011 U U U U U U U U U U U U U U U U U U U U U E U U U U U E 
46 
08 February 
2011 U U U U U U U U U U U U U U U U U U U U U U E U U U U E 
47 
15 February 
2011 U U U U U U U U U U U U U U U U U U U U U U E U U U U E 
48 
22 February 
2011 U U U U U U U U U U U U U U U U U U U U U U U E U U U E 
49 01 March 2011 U U U U U U U U U U U U U U U U U U U U U U U E U U U E 
50 08 March 2011 U U U U U U U U U U U U U U U U U U U U U U U U E U U E 
51 15 March 2011 U U U U U U U U U U U U U U U U U U U U U U U U E U U E 
52 22 March 2011 U U U U U U U U U U U U U U U U U U U U U U U U U E U E 
53 29 March 2011 U U U U U U U U U U U U U U U U U U U U U U U U U E U E 
 






Appendix B. Infection timing experiment Year 2 shoot exposure regime 
U = shoot is unexposed, i.e. bagged; E = shoot is exposed, i.e. bag removed 





16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 41 42 
1 03 May 2011 E U U U U U U U U U U U U U U U U U U U U U U U U E 
2 10 May 2011 E U U U U U U U U U U U U U U U U U U U U U U U U E 
3 17 May 2011 U E U U U U U U U U U U U U U U U U U U U U U U U E 
4 24 May 2011 U E U U U U U U U U U U U U U U U U U U U U U U U E 
5 31 May 2011 U U E U U U U U U U U U U U U U U U U U U U U U U E 
6 07 June 2011 U U E U U U U U U U U U U U U U U U U U U U U U U E 
7 14 June 2011 U U U E U U U U U U U U U U U U U U U U U U U U U E 
8 21 June 2011 U U U E U U U U U U U U U U U U U U U U U U U U U E 
9 28 June 2011 U U U U E U U U U U U U U U U U U U U U U U U U U E 
10 05 July 2011 U U U U E U U U U U U U U U U U U U U U U U U U U E 
11 12 July 2011 U U U U U E U U U U U U U U U U U U U U U U U U U E 
12 19 July 2011 U U U U U E U U U U U U U U U U U U U U U U U U U E 
13 26 July 2011 U U U U U U E U U U U U U U U U U U U U U U U U U E 
14 02 August 
2011 
U U U U U U E U U U U U U U U U U U U U U U U U U E 
15 09 August 
2011 
U U U U U U U E U U U U U U U U U U U U U U U U U E 
16 16 August 
2011 
U U U U U U U E U U U U U U U U U U U U U U U U U E 
17 23 August 
2011 
U U U U U U U U E U U U U U U U U U U U U U U U U E 
18 30 August 
2011 
U U U U U U U U E U U U U U U U U U U U U U U U U E 





19 06 September 
2011 
U U U U U U U U U E U U U U U U U U U U U U U U U E 
20 13 September 
2011 
U U U U U U U U U E U U U U U U U U U U U U U U U E 
21 20 September 
2011 
U U U U U U U U U U E U U U U U U U U U U U U U U E 
22 27 September 
2011 
U U U U U U U U U U E U U U U U U U U U U U U U U E 
23 04 October 
2011 
U U U U U U U U U U U E U U U U U U U U U U U U U E 
24 11 October 
2011 
U U U U U U U U U U U E U U U U U U U U U U U U U E 
25 18 October 
2011 
U U U U U U U U U U U U E U U U U U U U U U U U U E 
26 25 October 
2011 
U U U U U U U U U U U U E U U U U U U U U U U U U E 
27 01 November 
2011 
U U U U U U U U U U U U U E U U U U U U U U U U U E 
28 08 November 
2011 
U U U U U U U U U U U U U E U U U U U U U U U U U E 
29 15 November 
2011 
U U U U U U U U U U U U U U E U U U U U U U U U U E 
30 22 November 
2011 
U U U U U U U U U U U U U U E U U U U U U U U U U E 
31 29 November 
2011 
U U U U U U U U U U U U U U U E U U U U U U U U U E 
32 06 December 
2011 
U U U U U U U U U U U U U U U E U U U U U U U U U E 
33 13 December 
2011 
U U U U U U U U U U U U U U U U E U U U U U U U U E 
34 20 December 
2011 
U U U U U U U U U U U U U U U U E U U U U U U U U E 
35 27 December 
2011 
U U U U U U U U U U U U U U U U U E U U U U U U U E 





36 03 January 
2012 
U U U U U U U U U U U U U U U U U E U U U U U U U E 
37 10 January 
2012 
U U U U U U U U U U U U U U U U U U E U U U U U U E 
38 17 January 
2012 
U U U U U U U U U U U U U U U U U U E U U U U U U E 
39 24 January 
2012 
U U U U U U U U U U U U U U U U U U U E U U U U U E 
40 31 January 
2012 
U U U U U U U U U U U U U U U U U U U E U U U U U E 
41 07 February 
2012 
U U U U U U U U U U U U U U U U U U U U E U U U U E 
42 14 February 
2012 
U U U U U U U U U U U U U U U U U U U U E U U U U E 
43 21 February 
2012 
U U U U U U U U U U U U U U U U U U U U U E U U U E 
44 28 February 
2012 
U U U U U U U U U U U U U U U U U U U U U E U U U E 
45 06 March 
2012 
U U U U U U U U U U U U U U U U U U U U U U E U U E 
46 13 March 
2012 
U U U U U U U U U U U U U U U U U U U U U U E U U E 
47 20 March 
2012 
U U U U U U U U U U U U U U U U U U U U U U U E U E 
48 27 March 
2012 
U U U U U U U U U U U U U U U U U U U U U U U E U E 
 





Appendix C. Collection, exposure and assessment regime of persistence experiment 























































































































































































































































































































































































Y Y Y Y Y Y Y Y 
                         
07 March 
2011  
Y Y Y Y Y Y Y Y 
                        
04 April  
2011   
Y Y Y Y Y Y Y Y 
                       
02 May  
2011    
Y Y Y Y Y Y Y Y 
                      
30 May  
2011     
Y Y Y Y Y Y Y Y 
                     
27 June  
2011      
Y Y Y Y Y Y Y Y 
                    
25 July  
2011       
Y Y Y Y Y Y Y Y 
                   
22 August 
2011        
Y Y Y Y Y Y Y Y 
                  
19 September 
2011         
Y Y Y Y Y Y Y Y 
                 
17 October 
2011          
Y Y Y Y Y Y Y Y 
                
14 November 
2011           
Y Y Y Y Y Y Y Y 
               
12 December 
           
Y Y Y Y Y Y Y Y 
              







2012             
Y Y Y Y Y Y Y Y 
             
06 February 
2012              
Y Y Y Y Y Y Y Y 
            
05 March 
2012               
Y Y Y Y Y Y Y Y 
           
02 April  
2012                
Y Y Y Y Y Y Y Y 
          
30 April 
 2012                 
Y Y Y Y Y Y Y Y 
         
28 May  
2012                  
Y Y Y Y Y Y Y Y 
        
25 June  
2012                   
Y Y Y Y Y Y Y Y 
       
23 July  
2012                    
Y Y Y Y Y Y Y Y 
      
20 August 
2012                     
Y Y Y Y Y Y Y Y 
     
17 September 
2012                      
Y Y Y Y Y Y Y Y 
    
15 October 
2012                       
Y Y Y Y Y Y Y Y 
   
12 November 
2012                        
Y Y Y Y Y Y Y Y 
  
10 December 
2012                         
Y Y Y Y Y Y Y Y 
 
07 January 
2013                          
Y Y Y Y Y Y Y Y 
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Appendix D. Rogate local dispersal experiment full table of 
results 
1 = positive results given with mean Cp value and Standard Error of Cp value in parentheses; 





























































2 2012 - 
2 2010 and 2011 - 
3 dead n.a. 
4 2011 - 
4 2012 - 
5 2012 - 




1 2011 - 
1 2012 - 
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2 2011 - 
2 2012 - 
3 2011 - 
3 2012 - 
4 2011 - 
4 2012 - 
5 2011 - 
5 2012 - 
4 303 
1-4 Trees dead n.a. 
5 2012 - 
5 2010 and 2011 - 





1 2011 - 
1 2012 - 
2 2010 - 
2 2011 - 
2 2012 - 
3,4 Trees dead n.a. 
5 2011 - 
5 2012 - 
7 523 
1 2011 - 
1 2012 - 
2 2011 - 
2 2012 - 
3 2011 - 
3 2012 - 
4 2011 - 
4 2012 - 
5 2011 - 
5 2012 - 
8 136 






1 2012 - 
2 2010 - 
2 2011 - 
2 2012 - 
3 2010 - 
3 2011 and 2012 - 
4 2010 - 
4 2011 and 2012 - 
5 2011 and 2012 - 
10 194 
1,3,4 Trees dead n.a. 
2 2012 - 
2 2010 and 2011 - 
5 2010 - 
5 2011 Positive 
Rogate local dispersal experiment full table of results 
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(34.22 ± 
0.26) 
5 2012 - 
11 274 
1 2012 - 
1 2010 and 2011 - 
2 2011 - 
2 2012 - 
3 2010 - 
3 2011 and 2012 - 
4 2010 - 
4 2011 and 2012 - 
5 2010 - 
5 2011 and 2012 - 
 
Breckles Grange local dispersal experiment full table of results 
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Appendix E. Breckles Grange local dispersal experiment full 
table of results 
1 = positive results given with mean Cp value and Standard Error of Cp value in parentheses; 

























  n.a. 





































2010 and 2011 - 
5 
2012 - 
2010 and 2011 - 
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5 
2012 - 













































2010 and 2011 - 
3 
2012 - 
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Appendix F. Stow Bedon local dispersal experiment full table 
of results 
1 = positive results given with mean Cp value and Standard Error of Cp value in parentheses; 
negative results marked “-“; 2 = Distance to closest pine stand given first, distance to main 










Year 1 assessment 
Tree 
number 
Sample needle age 








acervuli visible (>35) 





1 2010, 2011, 2012 - 
2 
2012 - 
2010 and 2011 - 
3 
2012 - 
2010 and 2011 - 
4 
2012 - 



































2010 and 2011 - 























2010 and 2011 - 
2 2012 - 
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2010 and 2011 - 












2010 and 2011 - 
5 
 
2010 and 2011 - 



























All trees died due to 
drought 





























2010 and 2011 - 












5 2012 - 
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2010 and 2011 - 
























































































2010 and 2011 - 
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2010 and 2011 - 
2 
 
2010 and 2011 - 








2010 and 2011 - 
5 2012 - 
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2012 and 2013 - 
2 
 
2010 and 2011 - 








2010 and 2011 - 
5 
 
2010 and 2011 - 












2 2010, 2011, 2012 - 
3 2010, 2011, 2012 - 
4 2010, 2011, 2012 - 







2010 and 2011 - 
2 
 
2010 and 2011 - 

















Trap moved by land 
owner at end of 2012 
season, most trees 
died 
1 2012 - 



























2010 and 2011 - 
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